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PREFACE. 



A SERIES of articles contributed to the scientific journal 
* The Engineer ' in the years 1870-71, constituted the 
nucleus of the present treatise. They were written at 
such periods of leisure, as the Author could spare from 
the time devoted to his professional duties. The method 
of determining the strains upon a structure, by the aid 
of graphic diagrams, is at once accurate and elegant, 
and recommends itself especially to the engineering 
student and beginner, by its simplicity and conclusive- 
ness. The particular method adopted by the Author, 
is that, in which, each successive strain is shown in 
diagrams, so that the manner in which, the total strain 
upon any member of a structure is produced, may be 
thoroughly understood. The manner in which the 
strains are transferred from one member to another, can 
be thus traced throughout the whole design, which is 
not the case with mathematical calculation, the chief 
object of which is to furnish the total results, and the 
total results only, of the action of the load upon 
the diflferent parts of the girder or truss. Moreover, the 
process of analytical calculation, when applied in detail, 
even to those simpler examples of construction, to which 
it is alone applicable, becomes extremely tedious and 
laborious. As a check upon the accuracy of the general 
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VI PREFACE. 

results arrived at by the graphic method, it can be 
employed with advantage, and is introduced for that 
purpose in the present volume. 

It cannot be denied, that a method of arriving at any 
desired result in the field of science, which appeals to 
the senses as well as to the mind, must be more con- 
genial to the comparatively untrained intellect, than 
that which calls into play the mental faculties only. In 
the former case we perceive, and therefore understand ; 
in the latter, whether we understand or not, we perceive 
nothing. Many persons, in fact the majority, have 
either a natural distaste for intricate mathematical in- 
vestigations, or, from imperfect education or other cause, 
are unable to follow them with any degree of satis- 
faction to themselves. The method of graphic diagrams 
offers the facilities denied by the other and more com- 
plicated principle, and thus enables the same goal to 
be reached by a different road. The result is the same, 
although the means, employed to arrive at that result, 
are different. When a girder or roof truss belongs to a 
certain type of design, it becomes impracticable to 
determine the strains by mathematical calculation. 
As diagrams must, therefore, be resorted to in those 
instances, in which the designs are of a complicated 
character, it is absolutely necessary, that the manner of 
applying them to the simple cases, should be thoroughly 
understood. This necessitates a study of the whole 
subject, which, the Author trusts, the present treatise 
will render free from difficulty. 

London, l8T Mabch, 1878. 
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CHAPTER I. 



INTRODUCTORY. 



To ensure the greatest amount of strength with the least 
quantity of material, is the problem to be solved by 
everyone engaged in the art of construction. The 
solution of this problem, which is imperative upon every 
engineer, demands a sound and accurate knowledge of 
the strength of the materials to be eniployed, and an 
intimate acquaintance with the best forms in which they 
may be disposed. The most general cause of all strains 
and pressures with which the engineer has to deal, is 
gravity, or weight. If a beam be imagined absolutely 
without weight, and placed as represented in Fig. 1, it 
would be altogether free from strain or pressure in any 
part. But if a weight W be ^jq i 

placed upon it, strains are de- 
veloped throughout its entire 
length, which are transmitted 
to the two supports A and B, 
and the case at once becomes a subject for calculation. 
The effect of the application therefore, of any external 
force, weight, or pressure upon a body, is to produce 
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2 CONSTRUCTION. 

strain in that body. By the word strain, may be under- 
stood the motion, or tendency to motion, which occurs 
among the molecules or atoms of a body when subjected 
to an external force. Thus the breaking strain of a 
beam or bar, is the strain caused by the application of 
an external force suflficiently great to fracture or break 
it, and so produce the greatest possible motion among 
its particles. The motion of the relative particles may 
be either towards one another, as occurs when a body 
is compressed, or in the opposite direction, as when it 
is stretched. These points will become clearer, as the 
various strains to which bodies are liable are treated of. 

A strain of tension, or a tensile strain, is the strain 
produced in a body by what is commonly called pulling 
it, and is the opposite of a compressive strain, which 
results from pushing it. Familiar examples of tensite 
strain are to be found in the cables of ships, when either 
weighing, or riding at anchor ; in the chains and ropes 
of cranes, when engaged either in raising or lowering of 
weights ; in the coupling bars of railway carriages, the 
rods and chains of suspension bridges, and in numerous 
instances which will present themselves to our readers. 
A simple kind of tensile strain is represented in Fig. 2, 
where a weight W is suspended, by means of a rod of 
wrought iron, from a beam overhead, and the practical 
Fia.2. point is to find, when the weight 

is given, what the size of the rod 
should be to support it in safety. 
Before, however, this can be ascer- 
tained, the actual breaking weights 
of wrought-iron rods and bars must be determined, or, 
more generally, that of wrought iron of any form. 
Taking the average result of numerous experiments. 
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the breaking tensile strain of good wrought iron, sach 
as may be obtained without inflicting a stringent 
specification, or imposing unfair responsibility on the 
manufacturers, may be taken at 22 tons per square 
inch. It may be remarked here that the experiments 
undertaken upon bars, plates, and other forms of 
wrought iron, for the purpose of arriving at the breaking 
strain, were made upon specimens of different sizes, so 
that, in order to compare them, they were all reduced to 
the strain upon one inch of sectional area. The follow- 
ing explanation will render this clear, as well as the 
meaning of the term "sectional area." In Fig. 3 is 
shown a section of a square bar of wrought iron 4" x 4", 
of which the sectional area is 16 inches, yiq,^. 

as seen by the divisions in the Fig. K 
this bar be placed in the situation re- 
presented in Fig. 2, and the weight W be 
found to have torn or pulled it asunder, when it was 
equal to 352 tons, then to find what the breaking weight 
per inch of sectional area was, or of one of the small divi- 
sions in the Fig., divide the total weight by the number 
of divisions of inches of sectional area, and the calcula- 

352 
tion is -y^ = 22 tons. In future calculations, with 

respect to the tensile strain of wrought iron, 22 tons per 
inch of sectional area will be taken to represent the 
breaking strain. Some experiments have given a much 
greater tensile strength to the same material, but it is 
safer, and much more correct, in nine cases out of ten, 
to provide not for the superior descriptions of iron, but 
for the ordinary. 

Having settled upon the standard to be adopted, one 
of the simplest problems presenting itself may now be 

B 2 



4 CONSTRUCTION. 

solved, but nevertheless one which is constantly occur- 
ring. Given a bar of certain size, what weight suspended 
from it will break it? The rule is, "Multiply the 
number of inches in the sectional area of the bar by 
the standard number, and the product will be the break- 
ing strain or weight in tons/' As an example, take the 
bar shown in Fig. 3, having a breadth of 3|" and a 
thickness of f ". Its sectional area will consequently be 
obtained by multiplying these two dimensions together, 
and will equal 3^' x f ", or, expressed in inches and 
decimals, 3*5 x 0-0375 = 1-31, which is the number of 
inches in the sectional area, or, briefly, the sectional area 
of the bar. Multiplying this sectional area by the 
standard number, the product is 28*82 tons, or, in round 
numbers, the breaking weight of the bar is 29 tons. 
Putting the calculation in an algebraical form, let C be 
the constant or standard number, B the breadth of the 
bar, D its thickness, N the number of inches in the 
sectional area, and W the breaking weight in tons, then 
W = N + C = BxDxC. Again, let an iron rod 
be 2^" in diameter, what will be its breaking weight ? 
The same rule applies as in the case of a rectangular 
bar. The sectional area is equal to the square of the 
diameter multiplied by the number • 7854, and the calcu- 
lation will stand 2 • 25 X 2-25 X 0-7854 x 22 = 87-473 
tons. With respect to a tensile strain, the form of the 
bar has no influence on its strength, the latter being in 
the direct proportion of the sectional area, which is not 
the case with a strain of compression. 

The strength, moreover, of a bar exposed to a tensile 
strain is in certain positions independent of the length. 
The above calculation may be written as IbUows : Putting 
R for the radius of the rod, and D for its diameter, we 



INTRODUCTORY. 5 

1)3 X C 

have as before W = N x C = tt — . — . Let us con- 

4 

sider the case of an angle iron 3" x 2|" x }", represented 
in Fig. 4. Its sectional area will be equal to the sum of 
the two sides, less the thickness, multiplied by the thick- 
ness, thus (3 + 2-5 — 0*5) X 0*5 = 2*5 square inches, 
and this multiplied by the constant equals a breaking 
weight of 55 tons. Similarly the breaking weights of 
the T and channel forms, shown in Fig. 4, will be found 
upon calculation to be 55 and 88 tons respectively. 

Fig. 4. 
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The three sections in Fig. 4 are better adapted for 
undergoing a compressive than a tensile strain, but they 
have been given here for the sake of illustrating the 
rule; and, moreover, in large lattice bridges they are 
frequently used, the angle iron especially, in situations 
where, although their principal strain is of a tensile 
character, yet they are also, under certain conditions of 
loading, subjected to a small compressive one ; besides, 
they can be always advantageously employed where 
lateral stiffness is required, whatever may be the nature 
of the strain they may have to undergo in the direction 
of their length. 

The proportion which the actual weight put upon either 
a single bar or a compound structure in practice, or the 
working load, as it is called, should bear to the breaking 
weight, has long been an undecided question. Without 
inquiring into the differences of opinion expressed by 
various engineers and mathematicians upon the subject. 
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it is suflScient to state that the limits are three and ten ; 
that is, one extreme is that the breaking weight should 
be three times and the other ten times the working load. 
Engineers are still not unanimous on this point ; but it 
is generally considered that the safe working load may- 
be the one-fourth of that which would actually fracture 
the material. Although there are objections to the regu- 
lations of the Board of Trade, with reference to the 
strength of all structures coming imder their inspection, 
yet it is very doubtful whether, all things considered, a 
safer rule, so far as the public are concerned, could be 
laid down than. that which provides that the tensile strain 
upon wrought iron shall not exceed 5 tons per square 
inch. Instead, therefore, of taking the safe working load 
of wrought iron, when subject to a tensile strain, at one- 
fourth of that of the breaking weight, that is at 5*5 tons 
per inch of sectional area, it will be considered equal to 
5 tons. In order to obtain the safe load to be put on a 
bar of given dimensions, the rule already given will 
require a slight alteration, and will run thus : "Multiply 
the sectional area of the bar in inches by the standard 
number 5, and the product will be the safe working 
strain in tons." Given a bar 3^" x |", what will be its 
safe working tensile strain in tons? 3^ x f x 5 = in 
round numbers 10^ tons. In the preceding examples 
the dimensions of the bar have been assumed to be 
known, and the breaking or safe working load the un- 
known quantity to be determined, but it is quite as 
frequent an occurrence for the weights to be given, and 
the other dimensions of the bar to be required. Without 
regarding what the shape of the bar may be, let it be 
required to determine what should be the sectional area 
of a bar which will support safely a weight of 30 tons. 
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Rule : " Divide the weight in tons by the number 5, and 
the quotient is the sectional area in inches/* A sectional 
area therefore of 6 inches will safely carry a weight of 
30 tons. To find the diameter of a round bar which is 
to carry a certain safe load : " Divide the weight in tons 
by the number 5 ; divide the quotient by the number 
• 7854, and the square root of the number will be the 
diameter required." As an example : ^Vhat will be the 
diameter of a rod capable of safely supporting 28 tons ? 
Answer : 2 • 25". A rather simpler, though not quite so 
accurate a rule as the foregoing, is the following : " Take 
the square root of the weight in tons, and divide by 
two." By this rule the diameter would be equal to 
2 • 236", the diflference being very trifling, and the labour 
of calculation very considerably reduced. 

The converse of the proposition may be worked out in 
a manner equally simple. Let it be required to find what 
weight would be safely supported by a rod of a given 
diameter. Rule: "Square the diameter in inches, and 
multiply the result by 4 ; the product will be the safe 
working load in tons." What weight would a rod 3 inches 
in diameter safely support ? Answer : 36 tons. 

Rectangular bars may be regarded as those in which 
the breadth and the thickness may be in any relative 
proportion to one another. When these two dimensions are 
equal, the bar of course becomes square in section. There 
are practical limits to the ratio between the breadth and 
thickness of bars that should not be passed. As a rule a 
bar should not be less than | inch in thickness, nor do they 
usually exceed 1 inch. Whenever it is necessary to 
employ a bar of excessive scantling, it is preferable to 
use a couple, not only because it is difficult to roll iron 
of a uniform and homogeneous texture when it surpasses 
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certain dimensions, but also the strain is more evenly 
distributed over the material, when a couple of smaller 
bars are used in the place of one very large one. It is 
besides a fact well established by experiments, that small 
bars and rods ^tq proportionally stronger than large ones. 
To find what should be the dimensions of a rectangular 
bar to support a given weight, it is evident that as the 
requisite sectional area will depend upon the product of 
those two dimensions, the breadth into the thickness, one 
of them must be assumed before the other can be found. 
If the breadth be given, then to find the depth or thick- 
ness we use the following rule : — " Divide the load in 
tons by five times the given breadth in inches, and the 
quotient will be the required thickness in inches." Should 
the thickness be given the rule will stand. " Divide the 
load in tons by five times the given thickness in inches, 
and the quotient will be the required breadth in inches." 
As an example : What should be the thickness of a rect- 
angular bar 3 inches broad to support a tensile strain, 
or weight, of 12 tons ? Answer : | inch or ~ inch. But 
as bars increase usually by \ inch in thickness, that 
dimension must always be expressed in multiples of that 
subdivision, so that practically the answer to the above 
would be I inch, and the bar would be 3 inches by | inch. 
It will be always safer to add a ^ inch to the bar than 
to subtract it, or, in other words, to make it a little 
stronger than necessary, rather than a little weaker. 
When the bar is square the dimension required is the 
length of one of its sides, which may be found as follows : 
"Divide the weight in tons by 5, extract the square 
root of the quotient, and the result will be the length of 
the side in inches." Example: What should be the 
length of the side of a square bar to support 20 tons ? 
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Answer : 2 inches. Similarly with bars of any section 
whatever, where it may not be possible to determine 
the dimensions so readily, let the sectional area be first 
obtained, and then the dimensions necessary to make up 
that amount of metal may be determined by one or two 
trials. Obviously, in the case of channel iron, we must 
find what is the total quantity of material or sectional 
area required, and then proceed to adapt the proportions 
so as to constitute that area. In all instances of calcu- 
lation respecting sections of iron, diflferent in form from 
the round and rectangular bar, the designer should make 
himself acquainted with the ordinary sections and scant- 
lings to be had in the market. It never pays to order 
special forms of iron, unless the job be a very large one 
— such, for instance, as the new roof over the Midland 
Terminus at St. Pancras. In instances of so extensive a 
character, it is worth the manufacturers' while to con- 
struct especial rolls to turn out the large quantities 
demanded. 



( 10 ) 



CHAPTER IL 

ELONGATION, ELASTICITY. 

It has been already stated that the effect of the application 
Qf any force to a body, is to induce motion among its com- 
ponent particles, or, in other words, to alter the original 
shape of the body. The effect of the strain we are at 
present considering, is manifestly to alter the form of the 
body in the direction of its length. A weight suspended 
from a rod tends to lengthen it or stretch it. While it is 
impossible to ascertain the smallest weight which will 
stretch a rod, or under what strain it commences to be 
lengthened, it is quite possible to determine what is the 
greatest weight that may be brought upon it without 
damaging its elasticity, or the greatest amount of exten- 
sion the rod should be allowed to undergo with safety. 
The elasticity of a body is the peculiar property it pos- 
sesses of returning to its original form after the application 
of a force. This is a property shared in a greater or less 
degree by all bodies. Whether a body, after being acted 
upon by an external force, will return absolutely . to the 
same form it had before the application of the force, 
depends upon three conditions, namely, the amount of the 
force, the degree of elasticity possessed by the body, and 
the duration of the time it is allowed to be subjected to 
the force. If we imagine a weight of 10 tons to stretch a 
rod to a certain extent, it is reasonable that a weight of 
20 tons would stretch it still more, if not to double the 
former extent. This is the general law of elasticity. 
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which is usually known as Hooke's law, and was pro- 
pounded by him as " tU tenm sic visy' signifying that the 
extension is proportional to the force applied. There is 
no necessity to question the abstract truth of this law with 
respect to diflFerent bodies ; it is sufficient to know that 
within certain limits it is practically true for all purposes 
of construction. The limits alluded to are those where an 
excessive weight is applied and the increase of length is 
also excessive, in which case the law no longer holds, and 
the extension augments in an irregular and dangerous 
manner. It is to guard against any violation of the law, 
and of danger of fracture to the rod, that the safe working 
load has been chosen so as to fall well within the limits 
of the elasticity of the material. 

Under ordinary circumstances an iron bar, after sup- 
porting a considerable load, will not return to its original 
length, but will undergo a permanent alteration in that 
direction. This permanent increase of length is termed the 
" set," and its amount depends upon the force applied and 
the nature of the material. When a bar is subjected 
simply to its safe working load, there is no appreciable 
set, but, as it becomes necessary to test bars in order to 
ascertain the quality and strength of the iron, a heavy 
strain must be applied, and the " set " is to some extent 
an indication of the character of the material. It is easy 
to see that some care is demanded in not overdoing the 
experiment, for if the weight be too great, and the " set ** 
of a corresponding magnitude, the elasticity of the iron is 
injured, and the bar rendered useless. There are some 
peculiarities attending the "set" of iron deserving of 
attention. In the first place, it is not produced instantane- 
ously, but some time is required for it to acquire its full 
amount due to a given weight or strain. When once this 



12 



CONSTRDCTION. 



has taken place and the weight been removed, the second 
application of it, or of any smaller weight, produces no 
further "set" or permanent elongation in the material. 
Should a considerably greater weight be applied, then the 
bar will undergo another elongation or set, due to the 
greater strain upon it. It appears, as if a certain duration 
of time were necessary, to enable the material to adapt 
itself to the particular circumstances of each case, for if a 
heavy weight be suddenly and rapidly applied to a bar, 
it will break, or rather snap at once, without undei^ing 
any elongation of its length; the strain is induced so 
quickly that the elastic force has no time, to use a 
common phrase, to exert itself. 

There is evidently, therefore, a particular position or 
distance of the particles of a bar among themselves, the 
best suited to resist different degrees of strain. In Fig, 5 
let the same bar be represented under 
three different conditions. Assume 
at first that it has just come from the 
rolls, and has not been subjected to 
any appreciable strain, and let the 
horizontal lines in the diagram repre- 
sent the supposed distance apart of 
its component particles. Secondly, 
let ns ima^ne it strained in tension 
by a weight of 20 tons ; it will suffer 
an elongation, and the distance between the particles 
will be increased, which is shown in the figure by 
the horizontal lines being placed farther apart. This 
distance accordingly is the best adapted for resisting 
a strain of the given amount, and will therefore not be 
altered by the renewal or reapplication of it, no matter 
how often the operation may be repeated. So soon as a 
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strain greater than that which has already been applied, 
is brought upon the bar, it takes another "set," and 
assumes a new relative arrangement of particles, shown in 
the cut, and this process of self-adaptation to resist the 
strain goes on, until the elastic powers of the material are 
overcome, and the bar breaks in two. Although, for the 
sake of explanation, the increase of length has been repre- 
sented to be considerable, in reality it is generally but 
very trifling, and in the majority of instances almost in- 
appreciable. At the same time it is of importance to 
know how to estimate the amount of " set," and to calcu- 
late how much a bar will increase in length under the 
application of a given weight. It is not difficult to derive 
a rule for this purpose. As in former examples, a con- 
stant must first be determined, and then applied to the 
calculation in question. This constant is generally known 
as the modulus of elasticity, and is also called by some 
writers the coefficient of elasticity, or of elastic reaction. 
It is the weight in pounds that would stretch, or compress 
a bar, having a sectional area of one square inch, by an 
amount equal to its own length. In all the calculations 
made by the help of this coefficient, it is taken for granted 
that the bar has not been subjected to any previous strain, 
sufficiently great to have produced any permanent elon- 
gation or set. Should it have been subjected to an initial 
strain, it is evident, from what has been already stated, 
that the results would be unreliable. For wrought iron 
the modulus of elasticity may be taken at 24,000,000 lbs., 
which supposes that the strains applied are within the 
limits of elasticity, and consequently obey Hooke's law. 
If we term this the modulus of elasticity, or coefficient 
of elastic tension, there will be an equivalent number 
corresponding to the coefficient of elastic compression. 
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These two, for all practical purposes, may be regarded as 
identical, particularly as the absolute diflference between 
the two is not of any considerable extent. 

Since the modulus of elasticity is a constant, the elon- 
gation that a rod of wrought iron will undergo, upon being 
subjected to a given strain, will depend upon the original 
length of the rod, the number of square inches in its 
sectional area, and the amount of the straining force. 
The sectional area divided by the straining weight will 
obviously give the tension per square inch upon the rod, 
and the following proportion will hold : — ^Elongation in 
inches : original length in inches : : straining force per 
square inch of sectional area : modulus of elasticity. To 
obtain the elongation, the rule is, " Multiply the original 
length of the rod in inches by the total straining weight 
in pounds'; divide this product by the modulus of elasticity, 
multiplied by the number of square inches in the rod, and 
the quotient will be the elongation in inches." Let L = 
the original length of the rod, L' its required elongation, 
S the total straining weight, A the number of square 
inches in the sectional area of the rod, and M the modulus 
of elasticity ; then 

L':L::.|.:M,andL' = ^. 

M is in pounds, and the other dimensions in inches. As 
an example, let us take a bar 3 in. by i in. and 20 ft. 
long, strained with a weight of 20 tons — what amount of 
elongation will it undergo ? 
The calculation will stand 

20 X 12 X 20 X 2240 
1-5 X 24000000 

and the elongation in inches will be equal to 0*298, or 
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practically • 3 of an incli. It is evident that this calcu- 
lation may be abbreviated, and the number of figures 
reduced, which will give us a simpler rule. " Multiply the 
weight in tons by the origmal length of the bar in feet ; 
divide by the number of square inches in the bar, multi- 
plied by the constant 89 3, and the quotient will be the 
required elongation in inches." Should either of these 
rules be employed for working out the converse of the 
proposition, or for finding any of the other quantities, the 
answer will be in tons and feet. The modulus of elasticity 
cannot be obtained by this rule, but must be deduced 
from the former. The accuracy of the example given 
may be checked by another method. It is assumed by 
engineers that the weight of one ton, suspended at the end 
of a rod which has a sectional area of exactly one square 
inch, will stretch it by an amount equal to the i^wo V^^^ 
fit its original length, and, as has been already stated, a 
weight of two tons will stretch it to the j^l^, and so on 
within certain limits. The length of the bar selected as 
an example was 20 ft., or 240 in.; the total straining 
force was 20 tons, and the number of square inches in its 
sectional area 1*5. Dividing the weight by the area, the 
strain per square inch is 13^ tons. Therefore the elon- 
gation in accordance with the above assumption should be 
equal to the j^^ part of the original length multiplied 
by 13J, that is, equal to • 0240 x 13 • 25. This will give 
the elongation equal to 0* 31, which is a sufficiently near 
practical approximation to the former result. The 
assumption of the effect of a weight of one ton upon a bar 
having 1 in. of sectional area, would not give a modulus 
of elasticity equal to what we have taken ; but in addition 
to the fact that experimentalists ' differ regarding its 
pr<?cise value, the discrepancy is of no consequence. A 
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hundred tons one way or the other, would not cause an 
alteration in the result extending beyond the third or 
fourth places of decimals. In round numbers, 10,000 tons 
may be safely assumed as the modulus of elasticity for 
both the compression and tension of wrought iron, 
10,356 tons being that taken by the late Professor Hodg- U 
kinson. The absolute value of the constant will vary 
with the quality of the iron, but it would be foreign to 
the purpose to investigate the details of the subject. A 
tensile strain, exceeding 12 tons to the square inch will 
injure the elasticity of wrought iron, and permanently 
damage its utility and strength. 



( 17 ) 



CHAPTER III. 



CAST IRON. 



All the foregoing remarks, respecting elongation and the 
elasticity of iron, hold good for that material under a com- 
pressive strain. The laws governing the behaviour of all 
bodies under direct compression are analogous, although 
not quite identical. A weight placed upon a small 
cylinder of any material will obviously tend to compress 
and shorten it, and in the case of wrought iron, the com- 
pression or shortening of the cylinder, is practically pro- 
portional to the weight applied. As the compressive 
strength of wrought iron is inferior to its tensile resist- 
ance, and may be taken at 18 tons to the square inch, it 
would not be desirable to place a working strain greater 
than 4 tons per square inch upon it. This may to some 
appear too small a proportion, but there is a great dif- 
ference in the character of the two strains. Even sup- 
posing that the ultimate resistance of wrought iron were 
the same for both compression and tension, yet the iron 
would be comparatively weak when exposed to the former 
description of strain. There is always a slight tendency 
to flexure, unless in very short specimens, when a material 
is under a compressive strain. This element of weakness 
is either wanting in the character of a tensile strain, or 
can be readily guarded against. Iron bars undergoing 
compression require to be secured from lateral flexure, or 
they no longer follow the simple law of their strength, 
which is directly proportional to their sectional area, and 
independent of their length. When this precaution is 
^ c 
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taken, as it always should be, the crushing weight in tons 
of any bar or short cylinder, will be obtained by simply 
multiplying the sectional area in inches by the number 
18, and the safe load will be the product of the sectional 
area in inches and the number 4. The same rules that 
have been given for ascertaining the ultimate and safe 
practical load in tension will apply to iron in compression 
when prevented from bending, only care must be taken 
to substitute the ultimate and safe working compressive 
resistances for those of tension. 

From the very small tensile resistance possessed by 
cast iron, that material should never be exposed to 
tensile strain. Accurate experiments have determined 
the ultimate tensile strength of cast iron to -be on an 
average 7| tons per inch of sectional area. Most erro- 
neous conclusions have been arrived at by many eminent 
authorities respecting this point, some attributing to cast 
iron a breaking strength under tension of 20 tons. All 
these incoiTect estimates were based upon calculation 
and comparison, and therefore there is no wonder that 
they proved fetlse when submitted to the test of experi- 
mental fracture. It would not be prudent to subject 
cast iron in practice, to a tensile strain exceeding 1| tons 
per square inch. The general rules that have already 
been given for ascertaining the dimensions of wrought- 
iron rods and bars when subjected to a tensile strain, will 
also hold equally good for those of cast iron, care being 
taken to employ the proper constants, which are 7*5 tons 
for the breaking, and 1 • 5 tons for the safe, load. Mr. 
Hodgkinson was the first to notice, that the behaviour 
of cast iron under extension, differs from that presented 
by wrought iron. It has been already stated, that prac- 
tically the extension or elongation of a wrought-iron bar, 
is in proportion to the weight or force tending to stretch 
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it. This ratio does not hold in the case of a cast-iron 
bar, which, instead of being elongated y^J^ part of its 
length for every ton of strain per square inch, is stretched 
to double this amount, or the j^ part, and the material^ 
moreover, does not obey the law, as the magnitude of 
the strain is increased. Judging from the diflferent 
internal structure of the two materials, one is at first 
inclined to consider the elongation of cast iron as some- 
what paradoxical, and to be surprised that it should be 
double that of wrought iron for the same strain and 
sectional area. A little reflection will point out that 
this proceeds from confounding the immediate effect of 
the strain upon the iron, with that which it produces, 
when the breaking weight is reached. Thus, although 
cast iron extends twice the amount of wrought with a 
given strain, yet its ultimate tensile strain is barely a 
third of that of the latter material. Cast iron may be 
said to extend too quickly — too much at a time — and 
consequently its ultimate powers of tensile resistance are 
very soon arrived at. Wrought iron, on the contrary, 
is not affected so rapidly, or to the same extent, and is 
enabled to bear in consequence a greater strain before 
its resisting capabilities are overcome. Although of 
little value for resisting strains of tension, cast iron 
compensates for its weakness in that particular, by the 
enormous strength it possesses against those of a com- 
pressive nature. Were it not for other disadvantages 
connected with its use, this circumstance alone would 
ensure its adoption, in every instance where strains of 
compression were to be resisted. Its treacherous nature 
has, however, put almost a limit to its application to 
structures of any magnitude, particularly when its failure 
might be attended with risk to human life. Within 
certain limits, and when a form suitable for resisting 

e 1 
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compression is bestowed upon it, there is no clanger in 
employing it, and there are numerous instances where 
wrought iron is substituted for it, at a great sacrifice of 
simplicity and economy. 

The crushing weight, or the ultimate resistance of 
cast iron to a strain of compression, may be taken at 
50 tons per square inch, and the general conditions, per- 
mitting this constant to be employed in all calculations, 
are that the strength is directly proportional to the 
sectional area, and independent of the length, provided 
the rod, bar, or whatever example may be selected, is 
perfectly secured against flexure. In long pillars these 
conditions do not hold, owing to the tendency they have 
to deflect, which produces an incipient degree of weak- 
ness. Long pillars, in addition to the direct compressive 
strain brought upon them, are also acted upon by one of 
a transverse nature. In any example, therefore, of cast 
iron which is either too short to bend, or is secured from 
flexure by proper means, the crushing weight in tons is 
found by multiplying its sectional area in inches by 50. 
Moreover, since the area of a round rod is proportional 
to the square of its diameter, the following short practical 
rule will give the breaking weight in tons : — " Multiply 
the square of the diameter by the constant 39." This 
rule gives a result slightly less than the theoretical 
crushing weight, and consequently is a safe one to 
employ. If we adopt the same proportion, for the ratio 
of the working to the crushing load of cast iron, that we 
have selected in the case of wrought iron, it ought to 
carry safely 12 J tons per square inch. For many reasons, 
it would be very injudicious to place more than 8 tons 
upon a material so unreliable, particularly if it is likely 
in addition to the load, to undergo any vibration or 
sudden shock. Summing up results, the tensile strength 
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of wrought iron may be put at 22 tons per square inch, 
and safe working load 5 tons ; the compressive strength 
of wrought iron at 18 tons per square inch, and safe 
working strain at 4 tons per same unit ; the tensile 
strength of cast iron at 7 • 5 tons, and safe load at 1*5 
tons per square inch ; the compressive strength of cast 
iron at 50 tons per square inch, and safe load at 8 tons 
per same unit. It is not to be understood that these 
values represent those, that it would be absolutely dan- 
gerous to exceed, or that they are never to be departed 
from under any circumstances, but that they are merely 
sound and safe data, upon which to base calculations 
connected with the strength of iron. Experienced en- 
gineers may diverge a little from the beaten track, but 
those who may not be included within that category, will 
do well to confine themselves strictly within these limits. 
With the exception of Brunei, no authority upon the 
subject of the ratio that ought to be maintained, between 
the safe working and the ultimate strain of iron, has pro- 
nounced for a proportion exceeding one-fourth. Brunei 
himself considered, that an engineer might, with safety 
work in practice, up to one-third or two-fifths of the 
ultimate resisting powers of the material, but this 
opinion has generally been regarded as a little too 
rash. At the special commission appointed in 1848, to 
inquire into the application of wrought and cast iron to 
railway purposes, one engineer asserted that the working 
load should not surpass the ^ of that which would frac- 
ture the material. This was an error in the opposite 
extreme, although an excuse may be found for its 
timidity, in the fact that the peculiar properties of iron 
were not so thoroughly understood at that time as they 
are now. 
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Transverse strain may be defined as the strain brought 
upon a body, by a force tending to bend it transversely, 
or perpendicularly to its length. It is not necessary that 
a body should be in a horizontal position in order to 
undergo a strain of this nature, although, from the fact 
that it is usually explained with reference solely to beams 
and girders in a horizontal position, many naturally fall 
into that supposition. All long pillars similar to that 
represented in Fig. 6, when loaded, have a tendency to 
bend and assume the position shown, by the dotted line, 
Pia. 6. Fig. 7. demonstrating that in addition to 

the crushing or compressive action of 
the load, a transverse strain, at right 
angles to the longitudinal axis of the 
pillar, is also exerted. The same 
thing happens with struts inclined at an angle to the 
horizon — a rafter for instance. If the rafter in Fig. 7 be 
uniformly loaded, it will tend to assume the position 
shown by the dotted line, and it is with a view to prevent 
this flexure, that all long rafters and struts are braced at 
intervals. This is the object of the introduction of the 
" collar " or stay in timber roofe. It will be seen here- 
after, that although the collar is useful for preventing the 
bending of the rafters, yet it adds to the actual strain 
upon them. The transverse strain on the principal rafters 
of large roofs, can only be overcome by a skilful arrange- 
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ment of bracing, which has led to the adoption of the com- 
paratively modern iron trussed roofs, so many examples 
of which can now be seen in our warehouses, workshops, 
and railway stations. While the examples in Figs. 6 
and 7 are sufficient to demonstrate that a transverse 
strain can be produced on a pillar or beam, when placed 
either upright or at an angle to the horizon, yet its 
peculiar properties and the calculations connected with 
it, are always investigated upon the assumption, that the 
body under its influence is in a horizontal position, as re- 
presented in Figs. 8 and 9, and would have a tendency, 
when subjected to its action, to bend in the direction of 
the dotted lines. Were this course not adopted, the in- 
vestigations relating to transverse strains would be com- 
plicated by those belonging to the action of the crushing 

Fig. 8. Fig. 9. Fig. 10. 




strain, and it would be very difficult to separate accu- 
rately their combined effect. Before proceeding to the 
investigation of the numerous problems relating to the 
subject of transverse strain, the bending action produced 
by it must be considered. 

In Fig. 10, let a solid rectangular beam, A B D C, be 
supposed to be bent under the action of a transverse 
strain. Under these circumstances, the particles or fibres 
situated upon the upper or convex portion of the beam 
A B will be extended or lengthened, while those situated 
on the lower, or concave part, C D, will be compressed 
or shortened. It is manifest, that there must be a line 
of demarcation, or boundary, somewhere about the centre 
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of the beam, dividing the lengthened from the shortened 
fibres, and this line itself will represent the position of a 
layer of fibres, which are neither lengthened nor shortened, 
but remain, so far as their length is concerned, quite un- 
aflfected by the strain. The exact position of this line, 
or of the layer of unaflfected particles, is in some instances 
a work of great labour to determine, but fortunately its 
approximate position in those forms of beams and girders, 
usually met with in practice, can be ascertained with 
tolerable readiness, and accurately enough for all work- 
ing purposes. In the case shown in Fig. 10, let it be 
in the direction of the line E F. If we imagine a plane 
to be drawn through the line E F, so as to leave exposed 
a plan of the layer of invariable or unaflfected fibres, 
then that plan represents the *' neutral surface " of the 
beam, since it contains all the fibres unaltered in length. 
The line E F is therefore the longitudinal elevation of 
the " neutral surface," or the line representing the curve 
of the unaflfected fibres. If a cross section of the beam 
be made at any point, it will cut the neutral surface, 
and the intersection will give us the line E F in Fig. 11, 
which is the neutral axis of the cross section A B C D. 
Very great influence upon the strength of a beam, is 
exercised by the position of the line E F in the cross 
section, and the arrangement of the material relative to 
iti, virtually determines the proper form to be adopted 
for girders. A vertical, longitudinal plane, M N in 
Fig. 12, drawn through the centre of the beam, will 
intersect the neutral surface, and cut all the neutral axes 
in the point P, which may be called the neutral point 
for any given section. 

Those of our readers who are familiar with working 
di-awings, will not foil to perceive that the relations 
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between neutral surface " line of curve " and " neuti^al 
axis " are those of plan, elevation, and section. They are 

Fig. 11. Fig. 12. Fio. 13. 






accurately represented to the same scale in Fig. 13. The 
load is supposed to act at right angles to the longitudinal 
axis of the beam, both before and after bending takes 
place. It cannot, mathematically speaking, fulfil both 
these conditions, but if the first be ensured, the second 
will be sufficiently close for all practical purposes. 
Without entering into any algebraical proof of the 
subject, it will be enough to state, that when the above 
conditions are fulfilled, the position of the neutral axis in 
any cross section of a beam will coincide with the 
position of the centre of gravity. Consequently the 
neutral axis of all the cross sections, or the neutral line 
of all square, circular, and rectangular beams, will pass 
exactly through their centres, and the neutral line and 
the longitudinal axis will coincide. With respect to the 
arrangement of the particles about the neutral axis, the 
law is, no matter what the material may be, that each 
particle, or each layer of fibres, exerts a resistance 
against a transverse strain, in direct proportion to its 
distance from that axis. Grenerally if x = any particle 
situated at a distance Irom y, the neutral axis, and 

^' = another particle at a distance, y', then -'= - • Their 

if *f 

respective moments will be ,r x y and x* x y'. The 
conclusion to be naturally deduced from this fact is, that 

all the material should be placed as far as possible from 
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the neutral axis, a condition which when carried out 
gives rise to the ordinary flanged girder. If in the solid 
beam A, B, C, D, in Fig. 14, the material near the centre 

be transferred to the top and bottom, the 
result is a flanged girder, in which every 
layer of fibres on the flanges acts with 
nearly twice the amount of resistance in the 
solid beam. Since the fibres upon one half 
of the beam are in tension, and the others in compression, 
it is evident that no layer can be acting with a leverage 
greater than half the depth of the beam. Galileo, who 
was one of the first to investigate the properties of 
transverse strain, fell into a fatal error in imagining that 
the neutral axis was situate not at, or near, the centre, 
but at the lower edge of the beam. 

At the moment of fracture, there is no doubt but that 
the neutral line shifts its position, and all that has been 
stated with regard to its coinciding with the centre of 
gravity, only holds so far as the safe working strain is 
concerned. Moreover, the neutral axis will evidently 
not occupy the centre of the body unless the resistances 
to extension and compression are identical, which is 
never the case. In some substances they do not differ 
very much, and in others they differ to a considerable 
extent, as in cast iron for instance. The example given 
in Fig. 14, where the solid beam is converted into a 
flanged girder, must not be regarded as indicating the 
best method of effecting the conversion, but only as an 
illustration of the manner in which the arrangements of 
the material, with reference to the neutral axis, affects 
the strengh of the body. The first flanged girders were 
made after this pattern, with equal top and bottom 
flanges, and the correct mode of distributing the material 
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in cast-iron girders, was not understood until the labours 
and exertions of the late Professor Hodgkinson dis- 
covered the true form, in which the greatest amount of 
strength was obtained. 

The transverse strain ,upon a beam, resulting from 
a weight placed upon it, will evidently depend on the 
position of the weight, since the whole of the theory 
of horizontal beams turns upon the principle of the lever. 
It will be well to explain this in detail, so that a sound 
and accurate idea of the principle may be obtained. 
A general case will be taken first, and then particular 
examples. In Fig. 15 a beam is shown resting on two 
supports, A and B. A 
weight, W, is placed 
upon the beam. How 
is it supported, and in 
what proportion do the 
supports or abutments 

contribute respectively towards sustaining it ? Since the 
beam rests upon A and B, they together support the 
entire weight by their upward reaction. The term 
reaction is virtually the same as resistance, although it 
sometimes perplexes the beginner, who does not exactly 
see the necessity of employing it. Suppose for a moment 
that the weight W exercises a downward pressure on 
the abutment A of 20 lbs., and that the abutment is only 
able to bear 10 lbs. It will consequently yield, and the 
beam will come down. In other words, its reaction or 
resistance is not great enough. To ensure equilibrium, 
that is, to prevent the beam coming down as described, 
the vertical reaction of the two supports must equal the 
total weight upon the beam, and each abutment must 
exert a reaction equal to the portion of the total weight 
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brought upon it. Any excess of resistance in the one 
support will not compensate for a deficiency in the other. 
Algebraically, if W be the total weight, P the pressure 
on the abutment A, and P' that on B, R the reaction of 
A, and R' that of B, then the equations of equilibrium 
are that R = P, R'=P', and (R + R') = P + P'=W. 
From the position of the weight, the near abutment A 
evidently receives a greater portion of its downward 
pressure than the far one B, and, in accordance with 
the principle of the lever, the reaction of each is in- 
versely as its distance from the weight, and, since 
action and reaction are equal and opposite, the weight 
W is transferred to the two supports A and B, in 
portions in the inverse ratio of its distance from each, or 
in the proportion of the two segments a and 6, into 
which the weight divides the whole beam. For example, 
let W = 20 tons, let a = 6 ft., and 6 = 10 ft., then we 
have the proportions. Pressure on A : that on B :: 
10 : 5, or the pressure on A = twice that on B. Con- 
sequently the total weight of 20 tons is transferred to 
the supports A and B, in portions equal respectively to 
13 '33 and 6*66 tons. Having disposed of the pressure 
on the supports, the next step is to determine the efiFect 
of the weight upon the beam itself, or the moment of the 
strain. The term moment may be considered as sig- 
nifying the force which tends to break the beam, but 
must not be confounded with the term strain. The 
strain upon a beam, and the moment of the strain are 
very different, as will be explained in treating of the 
method of calculating the strength of girders, and de- 
termining their relative areas and proportions. So far 
as the weight W is concerned, two cases in connection 
with its effect on the beam present themselves^ One is 
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the action at any given point C, and the other the 
amount of strain it develops at the point D, where it is 
situated. To find the moment of the strain produced by 
the weight W upon the beam at the point C, the reaction, 
or the pressure of the weight W upon either of the 
abutments A or B must be first determined. In working 
out this problem, it will be simpler to take the reaction 
of the support, which is nearest to the point at which the 
strain is required. 

In other words, let the point always be situated 
between the weight and the abutment, of which the 
upward pressure or vertical reaction is employed in the 
calculation. Thus, were it required to find the moment 
of the strain upon the beam, at a point situated between 
W and A, the reaction at A should be used instead of that 
at B. In the one case it is only necessary to consider 
the pressure at A, but in the other it would be necessary 
to subtract that occasioned by W at A, from the moment 
found from the reaction at B, and the calculation would 
be more tedious. 

By the moment of any force is meant the product of 
the force in tons, lbs., or whatever may be the unit 
chosen, by its perpendicular or shortest distance from the 
point at which the effect is required. This will be 
exemplified in the present instance. The vertical 
reaction at the abutment B is perpendicular to the 
longitudinal axis of the beam, or it is suflScient to 
assume it to be so. Its moment is obtained by multi- 
plying it by the distance from B to 0. But the reaction 
at B is due to the pressure exercised by the weight W, 
and therefore the moment of the strain C caused by W, 
is equal to that pressure multiplied by the distance from 
B to the point C. In Fig. 15 let this distance be 3', 
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then the moment of the strain at C produced by the 

20 X 5 X 3 
weight W is given by the calculation — = 20 tons, 

or since the reaction at B has been found equal to 
6 '66 tons, we have this moment about C = 6'66 x 3 
= 19*98 tons. To solve the second question, that is, to 
find the moment of the strain at the point where the 
weight is placed, is equivalent to moving the point to 
D, taking the reaction of either pier, and multiplying 
it by its respective distances from the weight. - The re- 
action of the pier A is known to be equal to 13 '33 tons, 
and multiplying this by the segment the answer is, 
13*33 X 5 = 66*65, the moment of strain in tons at 
D, where the weight is applied. Again, the reaction at 
the pier B is 6*66 tons, which multiplied by the distance 
b equal also 66*6 tons. The short general rule for deter- 
mining the moment of the strain at the point whera;^ihe 
weight is applied is as follows: — ^'Multiply the weight 
in tons by the rectangle under the segments into which 
the weight divides the beam, and divide the product by 
the length of the beam, all dimensions being in feet." 
The calculation will stand thus: moment of strain 

= r- = 66 '6 tons. Mathematically let W equal 

weight in tons, L equal span in feet of beam, and M equal 

\Y X ci X 6 

moment of strain, and a, 6 as before : then M = ^ 

Jj 

Another question of interest here presents itself. At 

what part of the beam should the weight be applied, so 

that the moment of strain may be the greatest, or, as it 

is commonly called, a maximum ? This will manifestly 

take place when the product- of the rectangle under the 

segments is also a maximum ; that is, when a is equal 
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to 6, and the product is d^ or }?. When this occurs, the 

value of a or 6 becomes equal to that of half the span, 

equal to the square of the span divided by 4, so that by 

the rule already given we should have W multiplied 

by the square of half the span, and divided by the 

span. Eeducing this fraction to its lowest terms, we 

have the moment of strain resulting from a weight at 

the centre obtained as follows : — " Multiply the weight in 

tons by the sj)an in feet, divide by 4, and the quotient 

W^ X d X 6 

is the moment of strain in tons." Thus = 

4 

stram, but a = 6 = 7: . Therefore — t-t — = — i — = 

I 4 JL 4 

moment of strain at centre. In the example, suppose 

20 tons to be placed at the centre, then the calculation 

— = 75 tons. The same result can be deduced 

4 

by the principle of the lever which governs all the strains 

upon horizontal beams. The weight W at the centre is 

transmitted in equal portion to the supports A and B, 

W 

which react upon the beam, and a strain of -^ is im- 

pressed upon it in consequence, and the leverage with 
which it acts is half the length of the beam, since the 
weight is in the middle. If we multiply half the weight 
by half the span, the moment of strain becomes equal 
to the weight multiplied by the span, and divided by 4, 
as before. 
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CHAPTER V. 

WEIGHTS UNTJNIFORMLY DISTRIBUTED. 

In the last chapter, the action of a single weight, in all 
the various efifects it was capable of producing upon a 
beam, was considered, and the reactions of the supports, 
the moment of the strain at any point along the beam, 
at the place where the weight was supported, and the 
point at which the weight should be placed to produce 
the greatest possible moment of strain, were all deter- 
mined. The two most important results to be remem- 
bered are, that the greatest strain is produced on a 
beam by a weight when it is situated at the centre, and 
when a weight is placed at any point, the strain it pro- 
duces at that point is greater than at any other. This 
can be readily shown. In Fig. 16, let the weight W 

divide the beam into the segments 
^^' ^^' a and b. The strain at any point 

?»^ Ti^ .,,. ^ ^^ equal to the reaction of the 
-^^—">""^^ abutment A multiplied by the 

leverage or distance between it 
and the point C. As the leverage increases, so will the 
strain, but it attains its greatest value, when it equals 
the distance between the weight and the support A, that 
is, when it equals the segment a. Consequently the 
greatest strain produced by the weight W is at the point 
where it is applied. Having investigated all the cases 
relating to the strains induced by a single weight upon 
a beam, the eflPect of two will be considered, and then the 
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general problem relating to a beam loaded with any 
number of weights. 

In Fig. 17 let the beam be loaded with two weights 
W and W, the first dividing it into 
segments a and 6, and the second * , 

into those of c and d. Let it be _-£ i ^ ^ ^ ^ ' 
required to determine the total ^ [^:::.%'::X 
moment of strain exercised by the 
weights at the point C. There are two methods of 
proceeding in this instance. We may either take the 
separate moment of strain produced by each weight 
at the point C, and then add them together for the 
total moment, or we may take the resultant of the two 
weights, and proceed upon the supposition that only 
one weight equal to the resultant is placed upon the 
beam. Whatever method may be selected, the final 
result will be the same. To commence with the first. 
The weight W produces a strain upon the point C equal 
to its reaction at the support B multiplied by the dis- 
tance from B to C. Similarly for the weight W'. As 
an example, let W=20 tons, W' = 10 tons, a=5, 6= 10, 
c=5, (i=10. The reaction of W at B is 6*6 tons, and 
the moment of strain at C 6*6 x 3 = 19'8 tons. The re- 
action of W' at B is also 6*6 tons, and consequently it 
gives another strain at C = 19'8 tons, therefore the whole 
moment of strain at the point C equals 39*6 tons. It is 
easy to perceive that since the value given to W' is 
exactly half that of W, while its distance from B is 
exactly double that of W ; therefore the reaction at B 
and the moment of strain at C will be equal. The other 
method consists in first finding the position of the resul- 
tant of the two weights W and W' on the beam, and 
then proceeding as before. This is a common problem 

D 
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in determining centres of gravity which are all based 
upon the problem of the "resolution of forces." The 
two weights W and W may be regarded as two forces 
acting upon the beam, and it is required to find where 
their resultant should be placed, in order to equal their 
combined effect. Suppose its position to be represented 
by that of E in Fig. 18, where the length of the line 
equals the distance between the weights in Fig. 17. As 
the weights are unequal, it is clear that the resultant will 
divide the line into two unequal segments. Make these 
equal to x and y respectively. The position of R is 
found by the following proportion : ^ : y : : W : W ; but 
as the distance between the weights on the whole length 
of the line is 5', the proportion becomes, ^ : (5 — ^) :: 

10: 20, from which we obtain 20 ^=10 (5 — ^r), or 

5 
2^=5 — ^. Solving for x we have ^=- = 1-66. That 

is, the positioa of the resultant or sum of the two weights 
is 1 • 66' from the weight W, and its actual position on 

Fio. 18. Fro. 19. 

>a{._...3c— ^< — ...^ y ' jE 
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beam is therefore 6-66' from the abutment A, and 
consequently 8 • 34' from B. The position being known, 
it is easy to determine the strain at C. The value 
of the resultant is 30 tons, and its reaction at B, 
multiplied by the distance from B to 0, will give the 
moment of strain. The calculation will therefore stand 
30x6_;62<_3_gg.g ^^ ^^^^ ^^^^^ ^^^^^ ^^ ^^ 

15 
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other method. Our readers will, of course, choose for 
themselves which method they prefer, but to thoroughly 
understand the subject they should make themselves 
acquainted with both. It is not often that a beam is 
loaded in this manner with two weights, but one remark- 
able instance occurred at the raising of the Britannia 
tubes, which is sufficient to prove to young engineers, 
that they can never know when an unusual problem may 
be presented to them to solve. If they only devote their 
study to the ordinary calculations, and the getting up by 
rote of numerous hackneyed and frequently inapplicable 
formulae, they will find themselves at a loss, when a 
question arises which demands a sound and accurate 
knowledge of the principles and rules, upon which the 
strength of beams, under every possible circumstances 
and conditions of loading, is required. The example of 
a beam being subjected to a pair of weights, as just 
described, occurred in the crosshead of the presses em- 
ployed to mise the magnificent tubes now spanning the 
Straits of Menai. The case, as put in " The Britannia 
and Conway Tubular Bridges," is shown in Fig. 19, 
where AB represents a beam, loaded similarly to the 
crosshead, by two weights W and W ', the moment of the 
strain at the centre being required. Since AC = CE=: 
E D = D B, the span of the beam may be made equal to 4, 
each of these subdivisions being equal to unity. The 
weights W and W equal each 450 tons, and the 
moment of the strain they exercise at any point, such 
as, in this instance, at the centre of the beam, is equal to 
their reaction at the abutment situated beyond the 
point, multiplied by the distance between that abutment 
and the point. Thus the portion of W transferred to the 
support B, or its reaction, there is evidently one-quarter 

D 2 
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of its amount, which is equal to 112 '5. This, multi- 
plied by the distance E B, equal to 2, gives the moment 
of strain equal to 225 tons. The same effect is produced 
by the action of the weight W, and therefore the total 
strain at E P, the centre of the crosshead, is 450 tons. 
It may, perhaps, be well to point out that the answer 
can be obtained equally accurately, by taking the re- 
action at the other support for each weight. Thus the 
reaction of W at A is 337*5 tons, which, multiplied by 
the distance A E, equal to 2, would give a moment of 
strain at E equal to 675 tons, but from this must be 
deducted the weight at W, multiplied by the distance 
CE, which is 450x1, and 675-450 = 225 tons. By 
taking the reaction of W at the support B and proceed- 
ing in the same manner, we shall obtain another strain 
of 225 tons, making the total, as before, 450 tons. 
Again, as E F is the position of the resultant of the two 
weights W and W equal together to 900 tons, it might 
be expected that in accordance with the example given 
above, the stmin upon the centre found by those means 
would equal that already determined. The calculation by 

the rule for a central strain would be — - — = 900 tons, 

or exactly double that found by taking the action of 
each weight singly. There are evidently here some 
points to be attended to. In the first place, the method 
of finding the strain at any point C in Fig. 17, by using 
the resultant of the two weights W and W, will not hold 
when the point is situated between the weights, as in 
Fig. 19, whether that point be at the centre or else- 
where. Unless the two weights are both situated upon 
the same side of the point of strain, they cannot be ac- 
curately represented by a single resultant, since it is 
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necessary that the reaction of both abutments or sup- 
ports enter into the calculation, which cannot be done 
with a single weight represented by the resultant at E P 
in Fig. 19. 

To place this matter clearly before our readers, let it 
be required to find the strain upon the centre of the 
beam AB in Fig. 20, where four equalweights are placed 

Fig. 20. 
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at equal distances apart upon the half C B of the beam 
A B. Let each weight equal 10 tons, and let the whole 
beam be 50' in length. In this case the resultant of 
40 tons will act at the centre of gravity E of the half- 
beam at a distance of 12 • 5 ft. from the abutment B. To 
find the moment of strain at the centre we take the re- 
action at A and multiply it by A C, thus : 10 x 25 = 250 
tons ; or working from B (30 x 25) - (40 x 12 • 5) = 250 
tons. In order to give another instance besides that in 
Fig. 19, where this method is fallacious, let the strain be 
required at the point F, 16' from B, from the action of 
the same four weights. Proceeding similarly from the 
support A, the calculation stands (10 x 34) = 340 tons. 
Now we will ascertain the correct strain, which will be 
composed of the separate action of the weight W, situ- 
ated upon one side of the point F, and that of the three 
others, W\ W*, W^, situated upon the other. The action 
of the weights W\ W*, W^ may be reduced to a single 
resultant acting at their centre of gravity, since they are 

placed upon the same side of the point F. This position 



38 CONSTRUCTION. 

is at H, at a distance of 7*5' from the abutment B; 
consequently the calculation for the moment of the strain 
produced at F by the three weights, wiU be the reaction 
of 30 tons at A, multiplied by AF, equal to (4*5 x 
34) =153 tons, or from B = (25-5 xl6)~(30x8-5) = 
153 tons. The moment of strain also due from the one 
weight W, situated 20' from the abutment B, will be 
expressed by (4 x 34— 10 x 4) = 96 tons, and the whole 
moment of strain at the point F, due to the action of the 
four weights, will be equal to 249 tons, instead of 340 
tons, as found by the erroneous method. To prevent the 
possibility of mistake, it would therefore be prudent to 
adhere to the general method of taking the action of each 
weight singly, and then adding them together for the 
total moment of strain. If a number of weights be upon 
each side of a point, at which the strain is to be deter- 
mined, the position of the resultant of all the weights that 
lie upon separate sides may be ascertained, and the pro- 
blem treated as if there were only two weights upon the 
beam, one upon each side of the point. This is virtually 
the manner in which the last question has been treated. 
Mathematically, to find moments of strain at centre of 
beam C D and at F, let E = the resultant of the four 
weights acting at the point E. 

Let L = the span of beam, and M and M' the respec- 

tive moments M; = — - — . For the moment at F let 

R' = the resultant of the three weights acting at point 
H, then 

_„ JE' X HBx AF , Wx AKx BF) 

^ =i L + L f 

Instead of finding the resultant of all the four weights, 
W, W, W^ W^ in Fig. 20, their separate action might 
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be taken, and then the sum would give the total moment 
of strain at the centre. It is easy to perceive that the 
calculation would be simply the summation of a series, 
multiplied by the common quantity of half the length of 
the beam, and consisting of the sums of the reactions at 
the support A into the length A C. The strain would 
be expressed thus: 25(4 + 3 + 2 + 1) = 10x25 = 250 
tons as before. 

The extension of the case where a beam is completely 
loaded with any given number of weights, constitutes 
what is termed a uniformly distributed load, where a 
beam is supposed to be loaded with a certain weight per 
foot run. There are, nevertheless, some peculiar features 
attending the uniform distribution of a load which do not 
belong to single weights. Eeferring to Fig. 19, it will 
be observed that the moment of the strain, produced at 
the centre of the beam, by two weights together equal to 
900 tons, and situated at equal distances between the 
centre, and the ends of the beam, was exactly half that 
produced when the whole 900 tons were placed at the 
centre. This deserves especial consideration, for upon it 
is based the relation that exists between a number of 
weights uniformly distributed over a beam, and the same 
number of weights placed at the centre. From an in- 
spection of the figures, it is clear that from their position, 
the two weights of 450 tons may be each regarded, as the 
resultant of a number of weights, uniformly distributed 
over each half of the beam, and acting at their centre of 
gravity. Consequently, to all intents and purposes the 
beam in Fig. 19 may be regarded as uniformly loaded 
with a distributed weight of 900 tons, and producing 
under these conditions a moment of strain at the centre 
equal to 450 tons. From this example can be deduced 
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the ratio of the moments of strain produced at the centre 
of a beam, by a weight distributed uniformly over it, 
and that weight collected at the centre. This proportion 

m 

may be expressed thus, — the moment of strain, or the 
actual strain, at the centre of a beam, produced by 
any number of weights uniformly distributed over it, is 
exactly one-half that which would be produced, if the 
total amount of the separate weights were collected at 
the centre. For example, a loan of 1 00 tons situated at 
the centre of a beam 20' in length would, by the rules 
already given, produce a moment of strain equal to 

100 X 20 .^^ . 

' = 500 tons. 

But if this weight were spread uniformly over the beam, 
that is, at the rate of 5 tons per foot run, the moment of 
strain at the centre would only be 250 tons. 
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CHAPTER VI. 

WEIGHTS UNIFORMLY DISTRIBUTED. 

The action of a distributed load will be treated in 
the same manner as in the preceding instance, by first 
considering the general case, and then directing atten- 
tion to those particular ones most usually met with in 
practice. In Fig. 21, let A B be a beam loaded uni- 

Fio. 21. 
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formly with a weight W per foot run. What will be 
the strain at the point D ? From what has been already 
stated, the resultant of the weights upon one side of the 
point, may be regarded as acting as a single weight, at 
the centre of gravity of the distance from B to D, and 
the resultant of those upon the other side, may be con- 
sidered in a similar light. Considering first the weights 
that lie to the right of D, let their resultant act at the 
point E, then the moment of strain at D is equal to the 
reaction at A, multiplied by the distance A D, or the 
length of the segment a. Similarly the moment of strain 
fi*om the weights upon the left of D, is equal to the re- 
action- at B of their resultant acting at the point F, 
multiplied by the distance B D, or the segment b. The 
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total moment of strain at D will therefore be the sum of 
these two separate moments. As an example, let the 
beam be 200' in length, and loaded with a uniform 
load of 1 ton per foot run. It is required to find the 
moment of strain at the point D. From the problem, 
the sum of the weights upon the right of D equals 170 
tons, and their resultant acts at the point E at a dis- 
tance of 85' from the support B. Consequently the re- 
action at A is expressed by — ^^ — = 72*25 tons. 

Multiplying this by the length of the segment a = 30', 

the strain atD= 2167*5 tons. From the other weights, 

which equal altogether 30 tons, the resultant of- which 

acts at the point F, at a distance of 15' fi-om A, the 

30 X 15 
reaction at B equals — jxKFr- = 2 • 25 tons. This multi- 

Ji\j\j 

plied by the distance B D, or length of segment, 6 = 170', 
gives a moment of strain at D equal to 382-5 tons. 
The total moment of strain therefore produced at D 
by a uniform load of 1 ton per foot run upon the beam 
is (2167-5 -h 382-5) = 2550 tons. The same result 
might have been obtained by taking the individual 
reaction of each separate weight, and adding them to- 
gether; but it would manifestly be a very tedious 
operation in the example in Fig. 21, nor is there any 
necessity for so doing. There is another method of 
determining the moment of strain at D, which is shorter 
and simpler than that described, and moreover enables 
a general rule to be arrived at. 

Since the load is uniformly distributed at the rate of 
1 ton per foot run, the total load may be put equal to 
1 ton, multiplied by the length of the beam, and the 
reaction ^t each abutment is equal to half the total 
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load. But the strain at the point D is equal to the 
reaction of the half load at A, minus the moment of 
the weights situated between A and D, which acts at 
their centre of gravity, F. The calculation will there- 
fore stand (100 x 30 - 30 x 15) = 2550 tons as 
before. The rule to find the moment of strain at any 
point produced by a distributed load is, " Multiply the 
total weight by the segments into which the point 
divides the beam, and divide the product by twice the 
length." To prove this the calculation will be as 
follows : 

200 X 30 X 170 5100 



2 X 200 2 



= 2550 tons, 



the same result already obtained. Mathematically, the 
identity of the two methods and the deduction of the 
rule may be thus proved. Let W = load per foot run, 
W^ = total load, L = span, and a and 6 as in the figure. 
The moment of strain due to weights upon right of 

^ WxftxBExa -./.^u 4\. ^ Q4r 

D = =^ > and of those on the left, 

= Therefore the total amount of 

^ (Wxa6xBE + Wxa6xAF 
stram at D = ^ j 

But by the problem B E = ^ and A F = ^ > and the 

moment of stram becomes equal to r-^: 

^ Wa6(a + 6) ^ But W (a + i) = W = total load, 

and the formula becomes, putting M for moment of 

TV* X fl X 6 

strain, M = jr-^ which is identical with the rule 

2 1j 
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given above. The identity of the two methods may be 
thus proved : 

M = -^ 2 = -^— (L - a). 

But (L — a) = 6 and W = -j- , therefore substituting 

W^ X <z X 6 
these values in the above equation, M = — ^ ^ — , 

tlie result obtained by the other method. From this it 
follows that the strain produced at any point of a beam, 
by a uniformly distributed load, is one-half that pro- 
duced by the same load collected at the centre, and that 
the strain is proportional to the rectangle under the 
segments. In the same example, let it be required to 
find the moment of strain at the centre, from the same 
load distributed uniformly. In this case the segments 
are each equal to half the line, and the moment will be 

, . 200 X 100 X 100 .^„, 
equal to ^ ^rz- = 5000 tons. 

W^ X a X b 
The general formula already given is M = ^ > 

but a = = 7", and M = — ^ =r- = — . 

2 8 X L 8 

This formula might also be readily deduced from the 

second method, for 

^""2^2 2^4''4""8" 8 

For the moment of the strain at the centre the rule will 
be : " Multiply the total uniformly distributed load by 
the span of the beam, and divide the product by 8." 

Thus = 5000 tons. By the rule previously 

given for finding the moment of strain at the centre, pro- 
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duced by a weight placed at the centre, the moment is 
exactly double what it is in the present instance. It is 
therefore assumed in practice, that any girder or beam 
will bear twice the load uniformly distributed over it, 
that it will at the centre. This assumption is not correct 
in all cases, as will be pointed out hereafter. The strains 
at any two points of a beam, being to one another in the 
proportion of the rectangle under the segments, into which 
they divide the beam, the strain at the centre of Fig. 21 
should be to that at the point D in the ratio of a mul- 
tiplied by 6 to the square of half the length of the beam. 
In other words, the following proportion should exist : 
2550 : 5000 : : 5100 : 10,000, that is (255 x 1000) 
= (500 X 510) = 255,000. 

Any problems that may present themselves, respecting 
the moment of strain upon horizontal beams supported 
at both ends, can now be readily solved. Sometimes 
instances will arise where a beam may be not only uni- 
formly loaded, but have a weight besides placed at some 
point of it. In all ca^es of this description, the principle 
to be observed is to find the strain, due to each weight 
regarded separately, and then take the sums to obtain 
the total effect. It would be impossible to investigate 
all the numerous cases and combinations that might 
arise ; but those who make themselves thoroughly ac- 
quainted with what has been already laid before them, 
will have no difficulty, with the exercise of their own 
brains, in solving any questions that may present them- 
selves. If it were possible to determine at once all the 
problems that might come before the engineer, he would 
have little or nothing to do, and but very little credit 
would be due to him, for merely calculating arithmetically, 
what everyone else who had read the same treatise could 
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work out equally well. It is in the exercise of his own 
ingenuity, scientific attainments, and practical experience 
that he ultimately hopes to distinguish himself, and not 
by slavishly copying existing precedents, and never 
going beyond his predecessors' limits. The subject of 
the strains upon cantilevers, or beams fixed at one end 
and unsupported at the other, is equally important with 
that already considered. Let the general case be repre- 
sented in Fig. 22, where the weight W is situated at any 
point upon the beam, and the moment of strain is re- 
quired at the point C. This is simply an example of 
leverage, and the moment of strain at C equals the 
weight multiplied by its distance from the point. If 
the weight be shifted to the extremity B, the moment of 
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strain at C will be a maximum, since the distance B C 
is also one. The greatest moment of strain that can 
come upon the beam will be at A, when the weight is at 
B, and will therefore be equal to the weight multiplied 
by the length of the beam. For a load uniformly dis- 
tributed over the beam, the moment of strain is found 
equally readily. In Fig. 23 let A B be a cantilever 
loaded uniformly per foot run, and let it be required to 
find moment of Btrain at C. As in the case of beams 
supported at both ends, all the weights between the 
point C and the end B of the beam may be taken as 
concentrated in a resultant acting at D, their common 
centre of gravity. The moment of strain will be there- 
fore equal to the sum of the weights between B and O 
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multiplied by the distance D C. Since the weights are 
all transferred to one support, those situated between 
the point C and the support A have no influence upon 
the moment of strain at C. Let the beam be 8' long, 
and each weight equal to 1 ton; moment of strain at 
= 6x3 = 18 tons. If these six weights be shifted 
to the end B of the beam, the strain at C will manifestly 
be equal to 6 x 6 = 36 tons, or just twice the amount 
in the former case. It is apparent that a similarity 
exists between the ratio of single weights, and distributed 
loads, in half-girders fixed at one end, as well as in those 
supported at both. The greatest strain will take place 
in the beam A B at the point A, and will be equal to 
the total load uniformly distributed multiplied by half 
the length of the beam, and is consequently exactly half 
what it would be were the weights all collected at the free 
end of the beam. In our example, moment of strain at 
A = 8x4 = 32 tons. Were the 8 tons placed at B, 
the moment of strain would become 8 x 8 = 64 tons. 
The same analogy exists between the two descriptions 
of beam,- for we thus see that a cantilever will bear 
twice the load uniformly distributed over it, that it would 
collected at its extremity. Let W equal weight per 
foot run, L the distance of the point C from the free 
end of the girder, then putting M for the moment, 

W X L^ 

M = — ^ , but when L = L^ = total length of beam, 

W* X L 
W X LV= W = total load, and M = — -5— for a 

distributed load. When W^ acts at end of girder 
M = W^ X L = maximum strain for a load at the end 
of beam. 

As the moment of strain is to be regarded as the at- 



48 COxVSTRUCTION. 

tacking force, or force tending to break the girder at any 
point, it is evident that to arrive at the actual strength of 
the structure, its resistance must be determined. The 
two forces can then be equated, and a rule deduced for 
the actual strength of the girder, and the proportions 
it ought to possess. The rules given demonstrate that 
the strength of a girder, or its capabilities of resistance 
to resist fracture, are inversely as its span between 
bearings. The load and the quantity of metal in an 
iron beam being the same, if its span be doubled, 
its strength will be halved. If a girder 20' long will 
just break with a weight of 100 tons, it will also yield 
with a weight of 50 tons, if its length be increased to 
40', and the other dimensions remain constant. The 
strength of any beam will also be in direct proportion 
to the quantity of material in.it. If the span, weight, 
and depth remain constant, a beam having 24 square 
inches of sectional area, will bear twice the weight that 
one would which had only 12 square inches. The 
strength of a beam is therefore directly proportional to 
its sectional area, and inversely proportional to its span 
or distance between supports. But there is another very 
important element concerned in the strength of girders, 
vU. the depth. Supposing the load and sectional area 
constant, the strength of the girder will be directly as 
the depth, and inversely as the span. The manner in 
which the sectional area and span eflFect a beam, is too 
obvious to require any proof, but the effect of the depth 
is not so readily perceptible. The form of girder in 
almost universal use at present among engineers is the 
flanged type, of which a cast-iron specimen is the simplest, 
and represented in Fig. 24. It consists of two distinct 
partes — the flanges and the web; the top flange being 
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denoted by A, the bottom by B, and the web by C. 
When the girder is loaded, strains are developed in both 
the flanges and web, but at present we 
shall confine our attention to those in- 
duced in the flanges, and suppose the 
girder, as it is invariably assumed to 
be in practice, loaded with a uniformly 
distributed weight which includes its own. 
Let the girder be shown in Fig. 25, loaded 




Fig. 25. 




uniformly per foot run, and let it be required to find the 
strain upon the flanges at the point P, dividing the girder 
into segments a b. This strain will be horizontal in 
direction, will be equal upon both the upper and bottom 
flange, but will not be of the same character for each. 
It will be compressive in the top flange, and tensile in 
the lower — that is to say, it will tend to shorten the 
fibres in the upper, and lengthen them in the lower 
flange. This has been already explained, when treating 
of the neutral axis of bodies in a preceding chapter. As 
the horizontal strains are equal on both flanges, but the 
resistance of cast iron to compression and tension is 
widely dififerent, it is for this reason that the lower 
flanges of cast-iron girders are considerably larger than 
the upper. To find the strain at the point P, the forces 
that act upon one side of it, and those acting upon the 
other must be considered. The forces acting upon one 
sidcrof the point P, are the reaction at A, multiplied by 

E 
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the length of the segment a. The force acting in oppo- 
sition to this moment of strain, which tends to break the 
girder at the point P, are the actual strain, the depth, 
and the weight of the segment a, which acts at its centre 

of gravity, 7/ This will be more easily comprehended 

by taking an example, and bearing in mind that the 
solution is general for all beams and girders loaded in 
the same manner. Let the span of the girder, or (a+ft), 
equal to 50' ; let the load, including the weight of the 
girder, be at the uniform rate of 1 ton per foot run, 
making the total load equal to 50 tons. Put the depth 
equal to 5', and let a = 10', h = 40'. The moment of the 
force tending to break the girder at P will be 25 x 10 
= 250 tons. The forces in opposition will equal the actual 
strain multiplied by the depth, plus the weight of the 
segment, into the distance of the centre of gravity of a, 
from the point P, and the strain will therefore equal 

250 - 60 -.^ 

= = 40 tons. 

o 

Let W equal total load L = span of girder == (a + 6) ; 
D = depth; S = horizontal strain on flanges; and 
P = weight of segment a. 
Then by the proposition we have 

y X a = S X D + -^ , 

from which 

_ W X g P X g _ a / W-P \ 

2xD'"2x D~2V D )' 

W X a 

But P = 7 Tvj consequently, 

P g / ^(g + 6)- vy^a \ _ Wx gft 

^"2xDV g + 6 y ■ 2DL ' 

The limits of the value of a and h are a = t>, 6 = L, 



WEIGHTS UNIFORMLY DISTRIBUTED. 51 

a = 6 = ^- In the former instance S = t>, and in the 

W L 
latter S = r — ip: = strain at the centre of a girder under 

8 X D ^ 

a uniformly distributed load. Each of the flanges A 

and B will therefore be subjected to a horizontal strain 

of 40 tons at the point P, that upon the upper flange 

being of compression, and upon the lower of tension. The 

general rule for finding the actual strain upon any point 

of a girder, due to a uniformly distributed load, may be 

thus stated : " Multiply the total load in tons by the 

rectangle under the segments in feet, into which the 

point divides the girder, and divide the product by the 

span in feet multiplied by twice the depth, also in feet." 

The calculation for the strain at P will therefore, in 

accordance with this rule, be -7^ = ^7:- = 40 tons 

2 X 5 X 50 » 

as before. For the strain at the centre, the segments 
then become each equal to one another — equal to half 
the span, and the rule is : " Multiply the total weight in 
tons by the span in feet, and divide the product by eight 
times the depth likewise in feet." It may be mentioned, 
once for all, that multipliers and divisors must always 
belong to similar units, that is, if feet be used as a mul- 
tiplier they must also be used as a divisor. 

The student should always make his calculations in 
clear and bold figures, and step by step, so that, should 
the answer not come out at the first trial, he would be 
able at a glance to discover whether the mistake is in 
the reasoning or theory of the problem, or simply an 
arithmetical one. Probably the best method of making 
calculations, or, at any rate, of preserving the results, is 
to make them in a book, when they can always be re- 

E 2 
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ferred to. As it is a very common occurrence, in the 
calculation for bridges, roofs, and other engineering 
structures, for the same, or nearly the same, example 
to arise over again, a reliable calculation that has been 
worked out in all its details, and practically executed, is 
of much value, and saves subsequently both time and 
labour. 
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CHAPTER VII. 

GRAPHIC METHOD OP DETERMINING STRAINS. 

The strains upon beams have hitherto been determined 
by the method of calculation, which,- if correctly per- 
formed, must give a result mathematically true. There 
is, however, another method which may be employed in 
many instances with less trouble and less mental exertion, 
known as the geometrical or graphic method. In certain 
cases, where trussing and bracing of a complicated and 
intricate nature are introduced, this is the only method 
practically applicable for determining the strains, and 
it will be had recourse to, when treating of those ex- 
amples of iron construction. The whole value of this 
elegant and simple method of arriving at the determina- 
tion of strains, depends absolutely upon the accuracy with 
which the diagrams are drawn to scale. It is of course 
premised that the reasoning is sound, and that it is only 
necessary to work out the details of the problem. A 
common objection to this plan is, that it is not susceptible 
of that extreme precision which is afforded by analytical 
calculation. This objection is far more specious than real, 
and is very often an excuse put forward by those who 
are careless and slovenly with the pencil and scale, and 
besides, are not suflBciently acquainted with the theory 
of the method to work it out successfully. There is 
another great advantage connected with the graphical 
method of calculating strains, which is, that something 
more than a superficial knowledge of their nature and 
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action is necessary. In working ont calculations by its 
aid, the strains cannot be obtained all at once, but the 
operation must be commenced ab origine^ and the various 
lines in the diagram obtained in succession. This is 
requisite, since the finding of the direction and value of 
any particular line, depends upon the accurate determina- 
tion of those preceding it. It is not so with mere cal- 
culation, since anyone might take one of the rules already 
given and arrive at the strain upon a girder by its means, 
without having the least idea of the data upon which it 
was founded, or in what manner the position of the load 
aflfected the resistance of the beam. 

The calculation of the horizontal strains upon the 
flanges of girders, when those upon the web are neglected, 
is so simple, that the graphic method is rarely employed, 
but in order to show its application, and as an introduction 
to the principle, we have selected an example in Fig. 25. 
It is drawn accurately to scale, so as to demonstrate that 
the method is susceptible of every degree of precision 
necessary for practical purposes, and if a diagram, so 
small as the one in the cut, will give correct results by 
the scale, there is no need of pointing out that a working 
diagram will do so a fortiori. In Fig. 25, A, B, E, F, 
is the skeleton outline of a flanged girder, similar to 
that represented in Fig. 24 in the last chapter. The span 
is 50', the depth, 5', and it is supposed to be loaded 
with a weight of 25 tons at the centre. It is re- 
quired to determine, by the graphic method, the hori- 
zontal strains upon the flanges at every 5' along the 
span, and to check the results afterwards by the rules 
already given for such cases. The first step is to select 
a scale upon which to plot and measure the strains. This 
must depend in a great measure upon the size upon which 
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the diagram is made, bearing in mind that the larger the 
scale the more accurate will be the results. At the same 
time there is no use in going into the extreme and 
selecting a scale extravagantly large, to the creation of a 
great deal of inconvenience and chance of error in the 
subsequent prolongation of the lines, A very large scale 
is not so necessary, as the accurate plotting of the strains 
upon that which may be chosen. The magnitude of the 
scale wQl never compensate for inaccurate plotting, and, 
as a rule, a medium proportion with careful attention to 
the ruling of the lines will be found preferable to a scale 
of excessive dimensions. In Fig. 25 the scale for plot- 
ting and measuring the strains is 20 tons to the inch. 
The ^weight of 25 tons at the centre will cause a 
reaction of 12*5 tons at each abutment. To the given 
scale plot the lines AC, FD, each equal to 12*5 tons, 
and join the points C and D by the horizontal dotted line 
C D. It will be sufficient to determine the strain for 
one-half of the girder, since those upon the other half 
will be the same. From the point A, through each 5' 
distances marked 1, 2, 3, 4, 5, upon the upper flange of 
the girder, draw the lines AGr, AH, A J, AK, AL, 
cutting the horizontal line C D in the points G, H, J, K, 
and L. The horizontal strain upon the flange at the 
points 1, 2, 3, 4, 5, will be measured by the lines C G, 
CH, CJ, CK, CL, and will be respectively equal to 
12 • 5, 25, 37 • 5, 50, and 62 • 5 tons. The line AK drawn 
through the point 4 is a proof of the accuracy of the 
diagram, as it exactly cuts the centre of the line C D, the 
half of which upon the same scale as the strains would be 
equal to 50, the number of tons representing the strain 
at the point 4. These results may be checked by the 
method by calculation. Since the weight is at the centre 
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the strain at the points 1, 2, 3, 4, 5, will be equal to the 

reaction at A multiplied by the distances B\ B^ B^ &c., 

and divided by the depth. Since the reaction is constant 

12 *5 
and tlie depth also, we may make —3— = 2 * 5, a common 

multiplier. The strains will therefore vary as the dis- 
tances multiplied by this common quantity. Their 
respective values will be therefore equal to 5x2*5, 10 
x2-5, 15x2*5, 20x2*5, and 25x2*5, the separate 
products of which will give the results already obtained, 
by the scaling of the lines in the diagram. Instead of 
plotting the reaction upwards at A, the strains may be 
determined by dividing the lower flange into the neces- 
sary number of parts, plotting the 12*5 tons downward 
from E equal to the line EK', drawing the horizontal 
line K' N, and taking P as the origin, draw in the lines 
P G', P H', P J', P K', P L'. The horizontal strains upon 
the points 1, 2, 3, 4, 5, will be found by scaling the 
respective lines P' G', P' H', P' J', P' K', and P' L', which 
are equal to those, giving strains of similar amount in the 
top flange. The strains in the top and bottom flanges 
are therefore equal in amount, although different in nature, 
those upon the upper flange being strains of compression, 
and those upon the lower, strains of tension. The diagram 
also demonstrates the proof of a previous statement, that 
the strain occasioned at the centre of a girder, by a given 
load situated at the centre, is equal to the strain oc- 
casioned at the same point by double the given load 
uniformly distributed. If the line CL or P'L' be 
measured it will be found equal to a strain of 62 • 5 tons, 
due to the presence of a weight of 25 tons placed 
at the centre. Assuming that the girder is uniformly 
loaded with twice this weight or 50 tons, we have by 
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the rule already given, the strain at the centre equal to 

50x50 „„ ^ , ^, . , , . „ WL 

-^ — =-=(>2*5 tons the formula being S= TPri- 

8x5 ^ 8D 
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The diagram in Fig. 25 will indicate how the best form 
of girder in elevation subjected to a load at the centre 
may be arrived at. It is, that the strength of a girder is 
directly as the sectional area and the depth, and inversely 
as the span. But it is apparent from Fig. 25, that the 
horizontal strains upon the flanges increase from the 
ends, where they are equal to zero, towards the centre 
where they reach their maximum amount, and their 
increase is proportional to their distance from the end, 
that is in the proportion of the lines CG, CH, &c. 
Assuming the sectional area of the flanges, or their 
breadth into their thickness, to be constant, it is neces- 
sary, in order to resist in the most economical manner, 
the strains which vary throughout the length of the 
girder, that the remaining dimension, upon which its 
strength depends, must vary also. That dimension is its 
depth. To discover the ratio in which the depth varies 
we must suppose one of the flanges, the top for instance, 
to be horizontal, as represented in Fig. 26, and divided 
into spaces 5' apart. With any given scale, plot the 
strains already determined at the points 1, 2, 3, 4, 
and 5. If this be accurately done, it will be found that 
the line joining the point A with 5, will pass through all 
points indicating the jamount of strain. Performing the 
same operation for the other half, the elevation of the 
girder, under the conditions assumed, will be that of a 
triangle. The same result could have been readily 
arrived at by analytical reasoning, but it might not have 
been so clear to some of our readers. If the lower flange 
be taken as the horizontal one, the same process can be 
carried out, and the triangle will be represented by the 
dotted lines in Fig. 26. Were the flanges of sufficient 
strength to withstand the transverse strain, the inter- 
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mediate part of the girder, or the web, might be removed, 
and it would constitute the simplest example of a truss. 
If it be assumed that the depth is constant, the sectional 
area and consequently the breadth of the flange must 
vary, since in cast-iron girders the thickness ought to be 
uniform, or very nearly so, throughout the whole length. 
For a girder, therefore, in which the depth is constant, 
the shape of the flange on plan, will be that of two 
triangles, with the bases meeting at the centre, supposing 
the weight to be placed there. This may be easily 
ascertained by drawing a line, representing in plan, the 
centre line of the girder, and plotting off the strains pre- 
viously determined. Upon joining all the points upon 
each side of the half span, which, if the diagram be 
correct, will all lie in the same straight line, the plan of 
the girder will be accurately defined. 

The next and more usual case presenting itself is that 
of a distributed load. Where cast-iron girders are used 
the depth is frequently maintained constant, with the 
exception of a little rounding-off at the -extremities of the 
upper flange. The thickness of the flanges is also con- 
stant, since castings having unequal thickness in their 
component parts, are to be sedulously avoided. It would, 
moreover, in the case of cast-iron girders, be impossible 
to alter the thickness of the same flange. Supposing the 
depth constant, the strains will necessitate a varying 
area at different points of the flanges, similarly to the 
instance just considered. The area being equal to the 
breadth into the thickness, and the latter quantity being 
a constant, the breadth of the flanges is therefore the 
varying dimension. The horizontal strain upon any point 
of a girder, uniformly loaded with a distributed weight, 
will vary as the rectangle under the segments into which 
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the point divides the span of the girder, and consequently 
the breadth of girder must vary in this proportion. If 

the girder, therefore, be 
divided into segments a 
and b along its whole 
length, the breadth at any 
one point, should be to 
that at any other point, 
as the product of the four 
diflferent segments, taken 
two by two. In Fig. 27 
is represented a plan of a 
girder designed to carry 
a uniformly distributed 
load, the span being 50' 
and the load 1 ton per 
running foot. At every 
5', at the points 1, 2, 3, 
4, and 5, the strains may 
be calculated from the 
rules given, and will be 
found to be 22-5, 40, 
52-5, 60, and 62-5 tons 
respectively'. Upon any 
given scale, plot oflf these 
strains, or any subdivi- 
sions of them, upon lines, 
drawn perpendicular to 
the axis A B of the girder, 
through the points 1, 2, 
3, &c. Join all the points 
P thus determined with 
a French curve, until the 
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whole figure ACBC'A is produced. If this figure 
be accurately drawn, it will be found to consist of two 
parabolas, demonstrating that the strain upon any point 
of the flanges of a girder, produced by a uniformly dis- 
tributed load, varies as the ordinates of a parabola. The 
simplest way of checking the nature of the curves ACB, 
AC'C, is to scale the abscissa C 5, and multiply its 
length by the constant numbers • 96, • 84, • 64, • 36. 
The corresponding products should give the lengths of the 
lines P4, P3, P2, and PI. If the sectional area, there- 
fore, be constant throughout the girder, the depth will 
vary and the curve of one of the flanges will be that of a 
parabola. This is the true form of a bow and string 
girder, although in actual practice, an arc of a circle is 
always substituted for the more complicated parabolic 
outline. Having once determined the strains, the neces- 
sary quantity, of metal, or the number of square inches 
in the sectional area of the flanges, is not diflBcult to 
determine. All that remains to be done, is to divide the 
strain by the number of tons that may be safely put 
upon each square inch of material. As the square inch 
is the unit of area adopted by all engineers in their cal- 
culations, and the ton the unit of weight, the number of 
tons, that may be safely put upon one square inch, may 
be termed the unit strain, which for cast iron in tension, 
is equal to 1 • 5 tons. Consequently, if the strain at the 
centre of a girder be 62*5 tons, the number of square 

62*5 
inches required in the lower flange will be -^7^- = 41 * 66, 

X 

or, practically, 42 square inches. This quantity must 
be liie " net area " as distinguished from the gross ; the 
term net area signifying the actual area available for 
resisting the strains, after deducting all rivet and bolt 
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holes situated in the same line across the breadth of the 
flange. There is scarcely any necessity for regarding 
the difierence between the net and gross areas in cast- 
iron girders, as, if properly designed, not more than one 
i" bolt hole should be made, in the same line, across the 
breadth of the lower flange. Holes in the web are of no 
consequence, as that portion must be made thicker and 
stronger than required by absolute theory. 
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CHAPTER VIIL 

STRAINS UPON THE WEB OF GIRDERS. 

Those of our readers who have studied the early works 
relating to the strains upon girders, cannot fail to observe 
that very scanty information, in many instances none at 
all, is afforded respecting the strains upon the web. This 
is undoubtedly, due to the fact that the first investiga- 
tions were conducted upon solid beams ; and it was not 
until some time after the introduction of wrought iron as 
a constructive material, and the employment of flanged 
girders, that this portion of the subject received the 
attention it deserved. It may be said that it was the 
lattice, or open web girder, that first compelled engineers, 
thoroughly to examine the manner, in which the web was 
affected by strains, since upon an accurate knowledge of 
this subject, and the correct proportioning of the material, 
depends the real economical value of this type of girder. 
In the majority of cases, the sectional area of a plate or 
solid web must be equal to, and frequently greater than, 
what theory would demand ; and engineers were, con- 
sequently, perfectly safe in giving the web a uniform 
thickness throughout, and simply providing that it was 
strong enough. It has already been mentioned that in 
plate and lattice girders, the strains upon the flanges 
under similar circumstances are identical. If the girder 
be uniformly loaded, and the depth constant, the breadth 
of the flange will vary as the ordinates of a parabola. In 
the first place if transverse strain be the source of all 
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the strains that can affect a horizontal flanged girder — 
whether it be supported upon two supports or fixed at 
one end, as in a cantilever — they may be included under 
one of three descriptions. The exact manner in which 
the strains upon a continuous, or plate web, are transmitted 
from point to point — that is, from the centre to the abut- 
ment — has never been clearly understood. It is, however, 
known that they partake, to some degree, of the nature 
and direction that have been found to prevail in the case 
of open web girders. All strains may be ranged under 
one of three kinds — a vertical, or shearing strain on the 
web ; a horizontal, or strain upon the flanges ; and a 
diagonal strain also upon the web. Before proceeding 
further, it will be well to consider these a little more in 
detail, and the mutual relation that exists between them. 
In Fig. 28, let A, B represent the vertical or shearing 
strain, which is always equal to the total weight, at any 
Fig. 28. point of a girder, lying between that 

point and the centre ; let A C, 
represent the diagonal strain, and 
A D, the horizontal, upon the flanges. 
From the principle of the "resolu- 
tion of forces" the diagonal strain 
A C, may be resolved into the two 
components A D, and A B, which, 
in itself, is a circumstance corroborative of the supposition 
of the manner in which the strains are propagated in a 
plate or continuous web. Given the value of one of these 
strains, the other two can readily be determined. For 
instance, if the value of A B, be 20 tons, all that is re- 
quired is to plot twenty upon any given scale, draw 
the line A C, at the assumed angle, 45 degrees on the 
diagram, and it will measure 28-80 tons, the value of 
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the diagonal strain. Completing the parallelogram, the 
line A D, or C B, will be equal to the horizontal strain 
upon the flanges. Let W = vertical weight at A, S the 
diagonal strain upon A C, S^ that upon A D and angle 
CAD or A C B. ThenS = W x cosec. 0; S^ = S x 
cosine = W x cosec. x cosine = W x cot. 0, 
when = 45" cot.; 0=1 and S^ = W, or the horizontal 
equals the shearing strain. This method of arriving at 
the strains, upon the various bars of the web of a lattice 
girder, will be capable of being strictly followed out, but 
it is not applicable to the determination of. those upon a 
continuous web. The case of a solid web will be first 
considered, and then the other principle of construction. 
Although the strains are supposed to be transferred in a 
diagonal direction, yet they are assumed to consist simply 
of a vertical shearing strain, tending to shear the web 
right through. Whether this be strictly the correct 
manner of dealing with the subject or not, is of little 
consequence, as, if the web be made strong enough to 
withstand the shearing strain, it will also be sufl&ciently 
strong to resist it in any other direction. Two general 
cases will present themselves with respect to the strains 
upon the web ; one in which they result from a uniformly 
distributed or dead load ; and the other from a variable, 
or rolling weight, frequently called, in contradistinction 
to the other, a live load. It has been stated that the 
shearing strain, at any point of a girder, is equal to the 
total weight situated between that point and the centre of 
the girder. In Fig. 29, which represents the skeleton 
elevation of a wrought iron plate girder — the strain upon 
the web at any part E F, will, therefore, be equal to the 
total weight distributed over the distance, Y, extending 
from that point to A B, the centre of the girder. Con- 

F 
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sequently, if the load per foot run, uniformly distributed 
over the girder, be one ton, and Y be equal to 10 feet, the 




shearing strain at E F, will be equal to 10 tons. As 
the weights with their resulting strains, are transmitted 
ultimately to the abutments through the means of the 
web, the shearing strains at those points themselves will 
be greater than anywhere else, and will equal, as has 
been previously mentioned, half the total weight dis- 
tributed over the girder. The shearing strain, therefore, 
at any point B F, must be less than that at the abutment 
C, since the weight of that portion of the girder, and the 
load lying between it and the abutment, have no effect 
upon it. To find, therefore, the shearing strain at any 
point of the web, the weight of the part of the girder, and 
load, situated between it and the nearest abutment, must 
\)e deducted from the total weight or shearing strain 
transmitted to that abutment. Referring to Fig. 29, let 
the load per foot run, uniformly distributed over the 
girder, be equal to one ton, let the span equal 30 feet, and 
let the point EF, be situated 10 feet from the centre line 
AB. The total pressure at the abutment C, will be 

1 X 30 
equal to — ^ — = 15 tons. But in order to obtain the 

shearing strain at B F, the weight of that portion of the 
load, situated between it and the abutment 0, which 
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produces no strain upon the former point, must be sub- 
tracted. This weight will be equal to the weight per 
foot run, multiplied by the distance from E F to 0, equal 
to 15 — 10 = 5. The shearing strain at B F will there- 

1 X 30 
fore be equal to — ^ 5 x 1 = 10 tons. This proves 

the former statement, that the shearing strain may be 
at once obtained by multiplying the weight per foot run, 
by the distance in feet between the centre of thegiMer, 
and the point where the strain is required. Let W = 
load per foot run uniformly distributed, L = span of girder, 
then shearing point at any point E F, by assumption 
equals W x Y, since Y is the distance from centre to 
E F. To prove this assertion, we have total shearing 

W X L 

strain at the nearest abutment C = — ^ — and weight 

of load between C and E F = W (^ - yY But 

It follows from this, that the shearing strain, at any 
point of the web, is proportional to the distance of that 
point from the centre, being a maximum at the abut- 
ment, and equal to zero at the centre. In all straight 
girders, similar to that represented in Fig. 29, where the 
upper and lower flanges are horizontal and parallel, the 
strains in the web are proportional to the distance Y, 
but if either of the flanges should be curved, as in a bow- 
string girder, they no longer obey this law, the curving 
of either the upper or the lower flange, very considerably 
modifying the amount and position of the strains. The 
shearing strains upon the web of the girder, in Fig. 29, 
vary from zero at the centre to 15 tons at the abutments ; 

p 2 
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and' since' they are proportional to Y, they may be geo- 
metrically represented by the ordinates of a triangle. 
Taking half the" girder as sufl&cient for the purpose, make 
the line C D in Fig. 30, equal to half the span — in the 
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present instance 15 feet Lay oflf upon E, at right angles 
to C D, upon any given scale, the total pressure trans- 
mitted to the abutment 0, equal to 15 tons, and draw 
the line E D, completing the triangle EDO. To find 
the shearing strains upon the web at every 3 feet apart, 
plot oflf the respective distances at the points 1, 2, 3, 4 ; 
draw the ordinates, and they will, on being scaled, give 
the shearing strains at those points. Twenty tons to 
the inch is the scale to which Fig. 30 is plotted, and the 
strains are marked thereon. 

The investigation of the next case is rather more com- 
plicated, but still capable of being fully and clearly 
explained. Instead of the load being uniformly dis- 
tributed over the girder, let it be represented by an 
ordinary railway train, which will successively cover 
the various portions of the bridge in its passage across. 
Neglecting the weight of the girder itself, or what 
amounts to the same, including it in the load, it is evi- 
dent that, if the rolling load has advanced from the abut- 
ment D to the point E F, in Fig. 29, so as to cover the 
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whole of the larger segment of the girder, into which 
the line E P divides it, there will be no weight upon 
that portion of the girder situated between E F and the 
abutment C. Consequently there will be no weight to 
be subtracted from that at E P in the calculation, and 
the shearing strain at that point will equal that trans- 
mitted to the abutment C, but it will have a different 
value to that found for the case of a uniformly distributed 
load. The shearing strain at E F, when the rolling 
load is advanced as far as that point, covering the 
larger segment, will be equal to the weight of the load 
upon the segment, multiplied by the distance of its 
centre of gravity from E P. In the present instance, 

1 X 25 X 25 
referring to Pig. 29, the calculation will be — ^ ^^ — ^ 

equal to 10 •41 tons. A total weight therefore of 25 tons, 
causes a greater shearing strain upon the part E P, of 
the web of a girder, when distributed only over a portion 
of the girder, namely, over the larger segment, than when 
it covers the whole span. At first sight this may appear 
somewhat paradoxical, but those who carefully follow 
what has been stated respecting the action of the load, and 
the subtraction of that portion of it situated between 
the point and the abutment, will have no difl&culty in 
accounting for, and comprehending, the apparent con- 
tradiction. To prove this mathematically, let W equal 
load per foot run on girder, let A equal longer segment, 



-M 



In Fig. 29 put B equal short segment, 



= jr — Y. Then shearing strain at 

-^ »<. . A w X ^ 



70 CONSTRUCTION. 

The strain at E F, when the same load per foot run was 
uniformly distributed, is W^ — ^ — ^' and the difference is 

WA^ ^ (A-B) _ W I JJ^ f A - B) U ^ X B^ 

2(A + B) ^ 2 - 2 lA + B <^^ ^^f = 2L^^- 

The difference between the shearing strains, at the same 
point under the different conditions, is • 41 tons, which 
might have been previously determined, by multiplying 
the load per foot run by the square of the shorter 
segment, and dividing the product by twice the span. 

Thus, — s qTT" = 0*41 tons. Having once ascer- 

tained the shearing strain due to any load uniformly 
distributed upon any part of the web, it is easy to make 
the second calculation for the increase due to the rolling 
load ; or, the load being given, the latter may be cal- 
culated at once, from the rule given above. Again, if 
the rolling load be imagined to cover the smaller segment, 
or the distance between E F and the abutment 0, we shall 
find the shearing strain by calculation to be equal to 

—^ 5jr— = • 41 tons, or exactly equal to the excess 

of the strain produced by the rolling load, when it 
covered the greater segment, over that occasioned by 
the same load per foot run uniformly distributed. 

The maximum strain upon any part E F of the web — 
taking both the rolling load and the dead weight of the 
girder and roadway into account — will be, in the present 
case, assuming the girder and roadway to weigh a quarter 
of a hundredweight per foot run, found by. the following 
calculation : Total shearing strain at E F, at Fig. 29, is 

equal to-^^^— + 0-25 x 10 = 10-41 + 2-5, or, 
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in round numbers, 13 tons. The longer the segment 
covered, the greater the shearing strain transmitted to 
the abutments, where it reaches its maximum, and is 
equal to half the total weight on the girder. At the 
centre, with a distributed load, the shearing strain is 
nothing, since Y = c?, but with a rolling load, its value 
is always one-eighth of that load, as may be readily 
demonstrated. When the load covers only half the girder, 
the two segments — the loaded and the unloaded — are 
equal, and moreover, equal to half the span. Under 
these circumstances, referring- to Fig. 29, we shall find, 
by the rule already given, that the strain will be equal to 

1 X 15 X 15 o rrr X 30 ^, . . 

— ^ — jrzr — = 3 • 75 tons = — . The stram at any pomt 

W X A^ 

due to the rolling load = — ^j — . At the abutment 

W L 

A = L, and strain = ^r- x L. At centre A = jr- and 

W X L 

strain = — - — . These are the practical points of im- 

portance relating to the strains upon a solid web or plate 
girder ; and although the action is not so clear as in the 
bars of a lattice girder, yet the rules are equally true 
for both descriptions of construction. 
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CHAPTER IX. 

ELEMENTARY FORMS OF TRUSSES. 

The consideration of the strains upon the web of an 
open-sided girder, leads to the subject of bracing — a type 
of construction that was not fully understood and inves- 
tigated, until subsequent to the extensive adoption of 
wrought iron by engineers and architects. At first all 
braced structures were looked upon with suspicion, even 
by those who, it might be supposed, would have known 
better. They were virtually condemned by the Com- 
mission, appointed to inquire into the application of iron 
to railway structures, and for a long time were altogether 
kept in the background by their solid-sided rivals. But 
as the members of the profession became better educated, 
as their duties required a larger amount of mathematical 
and scientific knowledge, than had been previously re- 
quired, the braced form of girder came gradually into 
favour, and is now universally admitted to be the type, 
which permits of the most rigid and accurate deter- 
mination of both the amount and direction of strains, 
and of the distribution of the material. The principle of 
bracing, or of braced structures, may be defined as that 
which admits of strains being estimated, only in the 
direction of the length of the separate parts composing 
the structure. It must not be understood that no part 
of a system of bracing is ever subjected to a transverse 
strain, for, in fact, each part must undergo a small strain 
of this nature, due to- the effect of its own weight. But 
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if the transverse strain become suflBeiently great to be 
included in the calculation, then it interferes with the 
proper duty of the brace, and the particular advantages 
of that principle of construction are partially lost. An 
example will make this clear : The minimum number of 
parts necessary to constitute a system of bracing is 
three, and of all figures, the triangle is the best adapted 
for the purpose, since its form cannot alter without the 
length of the sides altering also. A perfect system of 
bracing can be constructed of any polygonal figure, 
whether it be regular or irregular, symmetrical or un- 
symmetrical. Let Fig. 31 represent the simplest form 



Fig. 31. 




of bracing, in which the triangle ABO consists of three 
bars, A B, BO, and A C, with a weight hung at the 
point 0. The bars being supposed to be connected to- 
gether by pins at the points ABC, the action of the 
weight at will be transferred to the points A and B, 
and will tend to stretch the bars A C, B C, and to com- 
press A B. The bars A C, B C, are therefore under- 
going strain of tension, and are called ties. Upon 
arriving at the points A and B, the strains tend to 
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compress or double up the bar A B, which is therefore 
under a compressive strain, and is termed a strut, in 
contradistinction to a tie. Strains of tension and com- 
pression are usually called strains of opposite character, 
and are represented in calculation by the signs minus 
and plus. The actual strain on A B is equal only to 
that brought upon it by either, and not by both of the 
bars A C or B C, for one of them acts as a resistance, or 
fixed point, to the other. The triangle A B C is a com- 
plete truss in itself, and the actual strains upon the 
different members may be readily arrived at. In Fig. 31, 
let the weight at equal 10 tons. Upon the principles 
already laid down, since the point is situated half-way 
between the points of reaction A and B, the weight of 
10 tons will be conveyed to A and B in equal parts of 

5 tons each, and the reaction at each of the points A 
and B will equal 5 tons. Upon a scale of 10 tons to the 
inch, plot oflf 5 tons upon the line B D, perpendicular to 
A B, that is, make B D equal to 5 tons. Draw D E 
parallel to the tie B C, and the lines D E, B E will 
represent respectively the strains upon the ties A C, B C, 
and the strut A B. The scale upon which the stmins 
are plotted is 10 tons to the inch, and D E equals 7 tons, 
and B E 5 tons. It has been shown that the strain upon 

a bar, due to a central weight, = r^r, and whether 

the weight is placed upon the middle, or hung as in the 
Fig., the result is the same. In the Fig., W = 10 tons, 

L = 4 feet, D = 2 feet, and — =r = -. x- = 6 tons. 

' 4 X D 4 X 2 

W X L 

The strain upon either of the bars = —. =r x cosec. 0, 

^ 4 X D ' 

6 being the triangle between the tie and the horizontal. 
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These strains are supposed to act on the bars in the 
direction only of their length, but it is possible that the 
tie, B C for instance, might be so exceedingly long and 
heavy as to sag, or deflect, along the dotted line B C. 
The tie would then be subjected to a transverse strain, 
which would complicate the calculation very seriously, 
and, in fact, destroy the principle of the design. Again, 
the strut A B might either be loaded with a weight at 
tlie centre, or be itself so heavy that its own weight 
might be fairly represented by one placed at its centre, 
which would induce a transverse strain upon it, and 
cause it to deflect as shown by the dotted line. Practi- 
cally, therefore, no part of a truss, which may be regarded 
as a system of bracing, should ever be subjected to 
a transverse strain. A brace, whether tie or strut, 
should act in that capacity, and never be required to 
undertake the duty of a horizontal girder; in other 
words, they must always be secured from deflection. 
This is accomplished in the case of long struts by adopt- 
ing a sectional area, suitable for resisting buckling, or by 
introducing subsidiary trusses, which divide the main bars 
into short lengths, but do not in any way interfere with 
the continuity, or propagation, of the strain from one 
end to the other. Referring to Fig. 31, the length of 
the bar A B evidently affects the question of its being 
subjected to a transverse strain, and this is an important 
point to be taken into consideration, when a number of 
triangles, or single trusses, are joined together, so as to 
constitute in the aggregate a horizontal girder. The length 
of the bar, in some measure, determines the limit at which 
the intersection of the flanges and the web should take 
place, for if they be too far apart, the supposition of the 
uniform load, being collected at the apices of the triangles. 
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will not be correct. Instead of plotting the reaction of 
the weight at the abutment, upon the line B D, the 
strains may be found by another graphical operation. 
From the point C lay off the line F equal to the whole 
weight of 10 tons ; from F draw F H, and from H draw 
H K parallel to A B ; then F H, or H C, measured upon 
the same scale, will give the strain upon the tie bars, 
A 0, B C, and H K, that upon the strut A B. If 
Fig. 31 were to be inverted so that the weight would be 
placed upon the point C, instead of hanging from it, the 
amount of the strains would be exactly the same, and 
would be obtained in precisely the same manner, but 
would be different in character. The tie bars, A C, B C, 
would be subjected to compressive strains, and converted 
into struts, while the strut A B would become a tie. 
The inversion of Fig. 31, with the introduction of the 
king rod, C K, would represent the simplest description 
of roof, consisting of a pair of rafters and a tie beam, 
and as it is a case frequently occurring, it is shown in 
Fig. 32. There is, however, a difference in the distri- 




bution of the weight in this last instance. It is not 
collected at the apex, but supposed to be uniformly dis- 
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tributed over each rafter, and there will be some slight 
modification required in calculating the resultant strains. 
Let there be a total load of 20 tons upon the pair of 
rafters, or 10 tons upon each ; each 10 tons may be con- 
sidered to act at the centre of gravity, that is, at the 
centre of the rafter at the point E. Lay oflF on the same 
scale as before the line E H = 10 tons ; draw H A 
parallel to B, then H A will give the compression upon 
the rafters, and A F the tension on the tie beam A B, or 
half the weight may be regarded as acting at the point 
A, and the other half at C, where it is met and resisted 
by the weight upon the other rafter. Upon this suppo- 
sition make A D = 5 tons, draw D E parallel to A B ; 
A E and D E will give the strains upon A C, or B, 
and upon A B. An analogy manifestly exists between 
a truss and a horizontal girder, so far as the strains are 
concerned. It was proved, that a girder would be strained 
to exactly the same extent, when uniformly loaded with 
twice the weight, that was suspended from, or placed, on 
the centre ; similarly, the separate parts of the truss in 
Fig. 32, where the load upon each rafter, or the total 
load, is twice that placed upon its apex, or suspended as 
in Fig. 31, are only strained to the same extent; the 
resulting strains upon the struts are still 7 tons. Where 
the beam is long, and liable to sag from its own weight, 
a king rod, C K, is introduced, but with the exception of 
a slight pull upon it, owing to the tendency of the tie 
beam to reflect, there is practically no strain at all upon 
it ; it is frequently put in more for the sake of appear- 
ances, and to give symmetry to the roof, than for any 
other reason. The strain upon the struts A and B C, 
may be obtained, by multiplying the reaction of the load 
upon either rafter, by the length of the rafter, and dividing 
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the product by the rise of the roof. For the stram upon 
the tie beam, multiply the reaction by the half span, and 
divide by the rise. The next case constitutes a small 
girder, and is represented in Fig. 33. First, let there 




be a weight of 10 tons situated at the apex B, how will 
it aflfect the remaining parts of the girder ? The hori- 
zontal lines are the upper and lower flanges respectively, 
and the diagonal ones the bars or web ; and it will be 
sufficient to consider one half of the girder. The apex B 
being at the centre of the girder, the weight will be 
transferred in equal portions to the two supports A and 
0, whose reaction will be each 5 tons ; consequently, 
half the weight may be regarded as passing down the 
bar B F, upon which it will exert a compressive strain. 
On reaching the point F, it meets with a resistance from 
the bar F C, and that portion of the flange situated 
between F, and the centre of the girder. Upon the 
principle of the resolution of forces, the strain upon the 
bar B F, or its vertical compound, may be resolved in 
the direction of F C and E F, and the completion of the 
parallelogram will give the resulting strains upon those 
parts of the girder. The action of the compressive strain. 
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or thrusts, along B F is to lower the point F, and so 
induce tensile strain on E F and F 0. The strain upon 
E F is met, and counteracted, by one of equivalent amount, 
on the other side of the centre of the girder, so that it 
needs no further investigation. The strain, supposed to 
be travelling along the bar F 0, arrives at the point 0, 
pulls upon the pin there, and is met and resisted by the 
upright bar H and the flange B C; the former it 
compresses in a vertical, and the latter in a horizontal 
direction, towards the centre of the girder. There is 
no strain upon that portion of the flange lying between 
F and H, which might be omitted, theoretically speaking. 
In fact, girders have been constructed with both the 
parts F H and H C omitted ; the Crumlin Yiaduct is 
an example, but there are numerous practical objections 
against such a mode of construction. The type of girder 
shown in Fig. 33 is termed a " Warren girder." Its 
web never consists of more than one series of triangles, 
that is, it never has any intersection of the bars, and 
theoretically, it is the type used in the first investigations 
upon open web girders. Practically, it is a weak form 
of construction, and has altogether given place to the 
lattice, which includes two or more series of triangles in 
its web, with a corresponding number of intersections of 
the bars. The original " Warren girder " was a com- 
bination of cast-iron struts and wrought-iron ties, but 
owing to several failures having taken place, engineers 
abandoned the use of cast iron, and employed the latter 
material only in its construction. Another distinguish- 
ing character of the Warren girder is, or rather was, 
that the connection between the bars and the flanges are 
made by pins, and not by rivets. Recently, however, 
this distinction has been entrenched upon, and Warren 
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girders have been erected, in which rivets have been 
substituted for pins. The only possible advantage, that 
can be claimed for the latter method of uniting the flanges 
and webs is, that it is a rapid one, and can be performed 
in a foreign country without the necessity of employing 
skilled labour. For this reason Warren girders have 
been extensively employed in India, and elsewhere 
abroad, but it is questionable if the reason is a very 
valid one. It would be just as easy to rig up a small 
portable forge, and drive a few rivets, as to insert a pin, 
and there is no comparison between the rigidity and 
durability of the two methods. Having investigated the 
manner in which the weight at B in Fig. 33 is supposed 
to act, the amount of the various strains it gives rise to, 
on the diflcrent members of the girder, can be ascertained. 
It is not to be understood that the strains actually behave 
in the manner mentioned, for very little is really known 
about the matter, but to those not thoroughly acquainted 
with the subject, a familiar and easily comprehended 
style of explanation will be of use. Since half the weight 
at B is transferred to each abutment, lay off in the 
diagram, upon a scale of 10 tons to the inch, B K = 
5 tons, K L parallel to the top flange, and L N parallel 
to B E, then B L, measured on the same scale, will give 
the thrust or compressive strain on B F, and B N the 
horizontal strain on E F. This strain upon the top or 
bottom flange being transferred to the point F, lay oflF 
F N = B L = the strain upon B F, and draw N H 
parallel to F C, N H, and F H = B N, represent the 
tensile strains upon the tie F C, and upon the bottom 
flange between the centre of the girder and the point F. 
Transferring the vertical component to the point C, and 
plotting it on the line C P, drawing the line P R parallel 
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to F 0, give R a second compressive strain upon B C, 
while that on C H equals P, which is the vertical 
reaction of the support. The same results may also be 
arrived at by plotting the actual strain upon the bar 
F C, instead of its vertical component, care being taken 
in all cases that the resultants are parallel to the direction 
of the bars upon which the strains are required. A 
number of different ways of arriving at the strains will 
always present themselves to those who really study and 
investigate the question. Other methods are shown to 
the left of the centre, and as the diagram is drawn to 
scale, the reader can easily verify the different lines, 
and the value of the strains. If the weight of 10 tons 
were uniformly distributed over the top of the girder in 
Fig. 33, the strains would be just half what they have 
been found to be, which has been shown to be a universal 
rule. This would follow from the alteration in the dis- 
tribution of the load. Instead of having the whole 10 tons 
upon the centre at B, there would be 5 tons at B, and 
2 J respectively at A and C, which would only produce 
strains at A D and C H, and which, added to that they 
would receive as the vertical resultant of the strains upon 
the diagonals A E and F C, would equal 5 tons as before. 
In order to explain the action of a couple of weights, let 
W^ and W^ each equal to 5 tons, be suspended from the 
points E and F in Fig. 34. To find the strains upon the 
separate parts, let the effect of W^ be first considered. 
Upon the principle of the lever, and from the diagram, 
one quarter of its weight is transferred to the abutment 
A, and three quarters to C, Make F a = 3 • 75 tons, 
draw a h parallel to F C, then a b measured on a scale 
of 10 tons to the inch, will give the tensile strain on F 0. 
This strain is again transferred to the point C. Plot it? 

G 
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vertical component F a = C m, and draw m n parallel to 
the top flange, m n equals the compressive strain on B C, 



t^ 



Fio. 34. 



/\.B/\ 





and C m that on C H, That portion of W* which is 
conveyed to the support C being now accounted for, it 
remains to ascertain what becomes of the other portion. 
First, it is well clearly to state the eflTect of W^ upon 
those parts of the girder situated between it and the 
abutment C. It has been shown that W^ causes a strain 
of— 5*25 tons on the bar F C, of + 3*75 tons upon 
B C, and of + 3-75 upon the upright pillar C H. The 
vertical component of the remaining portion is 1 '25 tons, 
which is equal to F ^, and d F equals the tensile strain 
upon B F, which is transferred to B, and there creates a 
similar compressive strain, B c, of equal amount upon 
B E, and a horizontal strain upon the pin B, which is 
balanced by one from the opposite side. This strain is 
again conveyed to the bar A E, as shown by E rf in the 
diagram, where it causes a tensile strain equal to E rf 
upon A E, and on K E equal to e d\ and finally pulls 
upon A, where it causes a compressive strain upon A B 
and on A D. The weight W^ therefore causes a strain 
of — 1 *7d tons upon the bar F B, of + 1 '75 tons upon 
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B E, of - 1-75 upon A E, of - 2-50 tons on K E, of 
+ 1*72 tons on A B, and of 1 • 25 tons upon A D. By 
similar reasoning, the weight W^ causes a strain of 
— 5 • 25 tons upon A E, of + 3 • 75 tons upon A B and 
AD, of — 1 ' 75 tons upon B E, of + 1 • 75 tons on 
B F, of - 1-75 tons on F C, and of + 1-25 tons upon 
B C and H. No part of a girder can undergo tensile 
and compressive strain at one and the same time ; there- 
fore, in summing up the actual strain upon any bar, the 
algebraical sum of the separate strains must be taken : 
Thus, if a bar suflFer a tensile strain of 10 tons, and also 
is subjected to a thrust of 5 tons, the actual strain upon 
it is 5 — tons. 

It will be sufficient to sum up the strains for one-half 
the girder in Fig. 34, as the other half will be similarly 
circumstanced. The upright C H is subjected to a com- 
pressive strain of 3 • 75 tons from W^ and of 1*25 tons 
from W^, therefore total strain upon C H = -(- 5 tons. 
The portion of the flange B is subjected to a strain of 
+ 3-75 tons from W\ and + 1 • 25 tons from W" ; total 
strain equals + 5 tons also. This follows from what has 
been previously stated, that when the angle between the 
diagonal bar and the flanges is 45°, the horizontal equals 
the vertical strains, or the shearing strains equal those 
upon the flanges. As the bars B F, B E are subjected 
to a compressive strain of 1 * 75 tons, and also a tensile 
strain of the same amount, the actual strain upon them 
is equal to zero, and this proves one of the general rules 
relating to lattice girders, namely, that with a uniformly 
distributed dead load, the strain upon the central bars is 
equal to zero. The total strain upon the top flange in 
Fig. 34 is 5 tons, and that upon the bars A E, F 7 tons. 
The total strain upon the lower flange will equal 6*25 

a 2 
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tons, which is rather more than that found for the 
upper one. It follows from Fig. 33 that when a load 
is placed at the centre of a girder, the strain upon all 
the diagonal bars is the same, and is equal to half of 
the weight, multiplied by the cosecant of the angle of 
inclination between the diagonal and the horizontal. In 
the example in Fig. 33, the angle of inclination of the 
bars to the horizon is 45°, and the natural cosecant 
1'414. Multiplying half the weight at B gives 
5 X 1"414 = 7*070, or practically 7 tons, as the strain 
upon the bars B F, B E, F C, A E. Similarly, the strain 
upon the flange at C, equals the vertical reaction multi- 
plied by the cotangent of the same angle = 5x1* 000 
= 5 tons. The following general rules always hold with 
lattice girders : — With a load placed at the centre, the 
strains upon all the diagonal bars are equal, and the 
strains upon the flanges increase from the ends towards 
the centre, where they are equal to the total weight, mul- 
tiplied by the span, and divided by four times the depth 
of the girder. With a load uniformly distributed, the 
strains upon the diagonal bars are equal to zero at the 
centre, and increase . towards the ends ; the strain upon 
the last bar, when there is only one system of triangles, 
being always equal to half the total load upon the 
girder, multiplied by the cosecant of the angle of incli- 
nation of the bars to the horizontal. The strains upon 
the flanges always increase from the ends towards the 
centre, where they are always equal to the total weight, 
multiplied by the span, and divided by eight times the 
depth. Having ascertained that there is no strain upon 
the central bars of a girder subjected to a uniformly dis- 
tributed dead load, the shortest way to find the strains 
upon the truss in Fig. 34 would be to lay off E Y equal 
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to the weight of 5 tons, dmw V X parallel to the bottom 
flange, then E V measures the vertical strain upon the 
end pillar AD; V X, that on the top flange, and X E 
that upon the bars A E and P 0. All strains upon the 
upper flange are of a compressive nature, and all upon 
the lower, of a tensile. The upper flange tends to become 
shortened, and the lower lengthened. In these two 
examples the weight is at the centre in the first, and 
uniformly distributed in the second ; consequently, the 
strains upon the flanges in the latter case are known to 
be only half of those in the former instance, and are 
respectively 5 and 10 tons. When the load is uniformly 
distributed, it is only necessary, in determining the strains, 
to consider one-half of a trussed girder. This may be 
deduced from the example of the two weights. The 
tensile strain brought upon either of the central bars, 
by the weights situated upon one side of the centre, is 
balanced by the compressive strain, induced by the 
weight placed upon the other side, so that they' may 
both be neglected. It is therefore sufficient to take the 
whole load placed at any apex, and consider its action 
upon the bars, and those portions of the flanges situated 
between it and the nearest abutment, and neglect the 
action upon the parts between it and the centre, as the 
strains will be balanced by others of an opposite nature, 
from the weights at the other side of the centre of the 
girder. 
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CHAPTER X. 

EFFECT OP THE POSITION OF THE LOAD. 

# 

To sum up the algebraical sum of the strains brought 
upon each bar by the weights, considered as uniformly 
distributed over the girder, would be a tedious and, at 
the same time, a very unnecessary task. Let Fig. 35 

Fio. 35. 




represent a girder, uniformly loaded throughout its 
length, or, what amounts to the same, suppose the 
weights collected at the several apices of the triangles. 
Selecting any bar ^, the total strain upon it will be equal 
to the shearing strain at the apex B, multiplied by the 
cosecant of the angle of the inclination of the bar to the 
horizon. The shearing strain will be equal, as already 
stated, to the sum of the weights situated between the 
apex and the centre of the girder. If each of the 
weights A, B, C, &c., be equal to 1 ton, then the total 
strain upon the bar ^ equals l'5xl'4 = 2-10 tons, 
assuming the angle of inclination of the bar to be 45°, 
Let us now proceed to obtain this result by considering 
the action of each individual weight. Commencing with 
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the weight of 1 ton at E, upon the principle of the lever, 
five-sixths of it are transferred to the abutment K, and 
one-sixth to H. The vertical component of the strain 
brought upon the bar x, by the weight placed at E, is a 
compression of one-sixth of a ton, Siuiilariy, the vertical 
component of strain upon a?, due to the weight D, will be 
two-sixths of a ton, that of the weight three-sixths of 
a ton, and that of B four-sixths of a ton. All these 
strains are compressive, and summing up we find the 

total to be equal to (| + | + | + |) = V' = 1? ton. 
But the bar x is also subject to a tensile strain from 
the effect of the weight A, which is equal vertically to 
one-sixth of a ton, so that the total strain upon the bar 
X is equal 1| — ^ = 1^ ton as before. Multiplying this 
by 1*4, we obtain the result to be as before 2*10 tons. 
A little reflection will point out that the tensile strain, 
brought by the weight at A upon a?, is neutralized by the 
compressive strain resulting from the action of that at 
E, and that the compressive strain coming from the 
weight at D, is of exactly the same amount as that 
portion of the weight at B, which does not pass down x 
towards H. The reason why the last bars, or those 
nearest the abutments, are always strained to a max- 
imum is thus apparent. Since the weights at K and H, 
which are respectively equal to half those at the apices 
of the triangles, cause no strain upon the bars y, y\ but 
are supported altogether by the vertical reaction of the 
abutment, there is no neutralizing strain upon them. 
The bar y is strained in tension by all the weights A, B, 
C, D, E, and there is no compressive strain at H, to be 
subtracted from their united action. In the present 
instance the bars ^, /, are also strained to a maximum in 
compression, being evidently affected by the same 
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weights to the same extent as y and y', but the strain is 
of a compressive instead of a tensile character. The 
bars y and t and y' and #' are said to be pairs, that is, 
they are acted upon by strains of the same amount, but 
of an opposite nature. From the rules previously laid 
down, the strain upon t and t^ is a compression of half the 
total load upon the apices of the triangles, multiplied by 
1*4, and that upon y and y' a tension of the same 
amount. Both these strains consequently equal (2 • 5 x 
1*4) = 3*5 tons. The vertical pressure upon each of 
the uprights H and K, will be equal to half the total 
load upon the girder, equal to 3 tons. 

Having now made perfectly clear the manner in which 
the bars are affected by the several weights, the strains 
upon the flanges have next to be considered. These are 
cumulative^ that is, the total strain upon the centre por- 
tion B C is equal to the sum of its own proper strain, 
and those upon the other portions A B, A H. Similarly, 
the total strain upon C D, equals strain upon C D, plus 
that on D E. The strain upon the whole of the upper 
flange is compressive, and is induced by the bars tend- 
ing to compress or double it up towards the centre. 
That upon the lower flange is tensile in character, and 
its tendency is to stretch the flange from the centre. 
The total tensile strain upon C, is equal to its own, 
plus that upon D C, plus that upon D E, or equal to its 
own, plus that upon B C, plus that upon A B. It will 
be seen hereafter, that the strains upon the upper and 
lower flanges are not identically, although very nearly 
equal, and, moreover, the actual amount of each will 
depend in a great measure, on the position of the load, 
whether it be placed at the top or the bottom of the girder. 

That the strains upon the various bars are also affected 
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by the position of the load, a little consideration will 
serve to show. As it has been proved that it is only 
necessary to regard one-half of a girder, let Fig. 36 
represent one-half of 
Fig. 35, and let the 
weights be situated 
as represented in the 
latter figure, the same 
letters being used for 
both. Since it is ne- 
cessary to consider the action of the weights, upon only 
those bars that are placed between it and the nearest 
abutment, there is, therefore, no strain whatever upon 
the bar C C, when the weights are situated at the lower 
apices of the triaugles. When they were placed upon 
the top, the bar C C was subjected to a compressive 
strain of 0*7 tons, but in the present instance it is 
free from strain. The reason of this is at once ap- 
parent, if we imagine the other weight to be placed 
at C, upon the other side of the centre line C F, in 
Fig. 36, as was explained in the last chapter. With a 
weight of 1 ton at C, in Fig. 36, the tensile strain 
upon the bar C B will be 1 • 4 tons, and a similar com- 
pressive strain will be exerted on B B and A A, also a 
tensile one of the same amount upon B A and A H. 
These strains are those produced on the bars by the 
action of the weight at C, which is thus accounted for. 
The weight placed at B will exert corresponding strains 
of the same amount upon the bars that are situated 
between it and the abutment, that is upon B A, A A, 
and A H. The bar A H will finally receive a third 
strain due to the action of the weight at A, and the sums 
of the strains upon the various bars will be as follows : 
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CC = 00; CB=-l-4; BB=+r4; BA = 
- 1-4- 1-4= - 2-80; AA= + 1-4 +1-4 = 2-80; 
and AH = -1-4 - 1-4- 1-4= -4-2 tons. 

In the first place, it is to be observed that the arrange- 
ment among the bars themselves is changed by altering 
the position of the load. Those which were pairs in the 
former instance are no longer so now. The pairs, when 
the weights were at top, were C C and C B ; B B and 
B A ; A A and A H. Now they are C B and B B ; 
B A and A A. It will also be noticed that there is a 
greater total load upon the girder by the arrangement 
adopted in Fig. 36. If we take the half girder in 
Fig. 35, the whole load upon it is 2^ tons, since half a 
ton is supported directly by the vertical reaction of the 
abutment at H, whereas in Fig. 36 the whole 3 tons is 
supported at the lower points of the triangles. Con- 
sequently the strain upon the end bar Y will be greater 
than in the other case. In Fig. 35 it was shown to be 
equal to 2*5 x 1*4= 3*5 tons. By the same rule it 
will now be equal to3 + l-2 = 4'2 tons, as found 
about by summation. The difierence is evidently the 
diagonal component of the vertical load of half a ton, 
which is not carried by the support as in Fig. 35, and 
which is equal to0'5xl-4 = 0*7 tons. The vertical 
pressure upon the upright at H will not undergo any 
change, but be 3 tons, as in the other example. The 
strain upon the upper flanges will be also slightly in- 
creased by this arrangement of the weights, but this will 
be considered more in detail in a succeeding example. 
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CHAPTER XI. 

APPLICATION OP THE GRAPHIC METHOD. 

In Fig. 37 is represented the skeleton elevation of half 
of a girder having a span of 80'. The bracing is 
arranged in equilateral triangles, and the load is at the 
rate of half a ton per running foot, or 40 tons, uniformly 
distributed over the girder. Since the triangles are 
equilateral, the depth of the girder may be easily calcu- 
lated. The length of any diagonal bar A H is equal 
to the length of one bay, or portion of the flange A B, 
situated between any two apices of a triangle. This, 
by the figure, is equal to 10'; so that, calling D 

the depth, we have D = a/(100-25) = 8 • 66'. This 
value for the depth will be required in checking the 
strains upon the flanges, ascertained by scaling the 
corresponding lines in the diagram. In the first instance, 
let us suppose the load to be uniformly distributed over 
the top of the girder. It will be arranged as follows : — 
There will be a weight of 5 tons upon each of the apices 
B, C, D, E, and one of 2| tons upon A. Regarding only 
one-half of the girder, there will be only half the weight 
at the central apex E, which will have to be taken into 
account. Consequently, the distribution of the separate 
weights upon the girder will be 2| tons upon A, 5 tons 
upon B, 5 tons upon C, 5 tons upon D, and 2^ tons upon 
E, making in all 20 tons, or half the total load. In 
Fig. 37, the skeleton elevation of the girder is drawn to 
a scale of 8' to the inch, and the strains plotted to a scale 
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of 4 tons to the inch, which allows of an estimation of 
one-tenth with facility, so that the strains can all be 
accurately scaled off. 
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Commencing at the centre, the weight of 2-5 tons 
which passes down the bar E M, causing a compressive 
strain upon it from E to M, where it meets with an equal 
and opposite reaction. The strains are of course all ulti- 
mately transferred to the upright A F, as will be subse- 
quently explained. To determine the effect of the first 
weight of 2 • 5 tons at the central apex E, plot off upon a 
scale of 4 tons to the inch the line E a = 2 • 5 tons ; 
draw a h parallel to the top flange, then E h represents 
the strain upon the bar E M = 2 • 9 tons ; while a h gives 
the thrust against the central pin E, which is met and 
counteracted by one upon the other half of the girder, 
and may therefore be disregarded. This strain of 2 • 9 
tons — confining the attention for the moment to the dia- 
gonal bars — is induced in all of them, subjecting the bar 
D M to a strain of — 2*9 tons ; D L to a strain of + 
2 ' 9 tons ; C L to a strain of — 2*9 tons ; C K and B H 
to compressive strains of the same amount, and B K, 
A H, to tensile strains of — 2*9 tons. Upon arriving at 
the point A the strain of 2 • 9 tons is evidently taken 
partly by the action of the flange A B, and partly by 
that of the pillar or upright A F. Omitting the consider- 
ation of the first for the present, upon the prolongation of 
H A, lay off A 6 = 2*9 tons, draw h a parallel to the 
top flange of the girder, and prolong F A to meet it in a. 
The compressive strain upon the pillar equals A a = 
2 • 5 tons, or the vertical component of the strains upon 
the diagonal. We thus perceive that the original weight 
of 2 • 5 tons is transferred to the abutment unchanged in 
amount, notwithstanding the various members of the 
structure through which it has to pass, and by which it 
is conducted, so to speak, to its final resting place. It 
has been already shown that the strains upon the dia- 
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gonal bars are all ultimately referred to the abutment or 
point of reaction, and that their amount increases with 
the distance that each bar is from the centre, being a 
minimum at the latter point, and a maximum at the 
former. In the same manner the strains upon the flanges 
are all referred to the centre of the girder, where they 
attain a maximum, being a minimum at the support or 
abutment. 

Having disposed of the action of the weight of 2 • 5 tons 
placed at the central apex E of the girder, in a diagonal 
and vertical direction, there yet remains its horizontal 
component to be accounted for, or the strains it induces 
upon the flanges. To find the amount of these, lay off 
M 6 = E ft, upon the prolongation of the diagonal E M, 
draw h c parallel to M D, to meet the lower flange ; then 
e M gives the tensile strain upon the portion of the lower 
flange MN, and the compressive strain upon the part 
D E of the upper flange. By the construction, this strain 
is evidently equal to that upon the bars, or equal to 2 • 9 
tons. The effect of the weight 2 * 5 tons placed at E, upon 
the flanges is as follows : — It causes a separate tensile 
strain of 2*9 tons upon MN, LM, KL, and HK; 
and, from what has been previously stated, the total 
strain resulting from this one weight upon M N equals 
2*9 X 4 = 11*6 tons. Similarly the total strain upon 
LM = 2-9 x3= 8-7 tons, that upon K L = 2-9x 2 = 
5-8 tons, and uponHK=2-9 x 1 = 2-9 tons. The total 
strain upon M N is, therefore, equal to its own strain, 
plus those upon the other portions of the flange lying 
between it and the point of support, thus proving the 
statement made, when explaining Figs. 35 and 36. 

Let us now consider the upper flange, and here we 
shall find some difference. The strain upon D E will, 



APPLICATION OP THE GRAPHIC METHOD. 95 

by analogous reasoning, be evidently equal to its own 
strain, plus those upon the remaining parts of the flange ; 
and, at first sight, it might appear that the total would 
correspond with that already found for the lower flange, 
but a little consideration will show the fallacy of this 
assumption. Upon the lower flange the successive^ 
'strains are all equal to M c, but this is not the case in the 
upper. They are all equal to M c, with the exception 
of that upon the last part A B, which is not equal to M c, 
but to a b. The method of finding a b has already 
been demonstrated, and its value will be seen, upon 
measuring it with the scale of 4 tons to the inch, to 
be just one-half of M c, that is equal to 1 • 45 tons. The 
strains upon the upper flange from the action of the 
weight of 2 • 5 tons at E will manifestly be as follows : — 
They are all compressive, and that upon D E will be 
equal to 2 • 9 x 3*5 = 10 • 15 tons ; and that upon C D 
= 2-9 X 2-5 = 7-25 tons; thatuponBC = 2*9 x 1-5 
= 4- 35 tons, and that upon AB = 2'9xO*5= 1 '45 
tons. We have thus accounted for the action of the 
weight of 2 • 5 tons at the central apex E, throughout the 
whole girder, diagonally, vertically, and horizontally, and 
it remains now to determine the effect of the others. 

It will be sufficient for the purpose to trace throughout 
the effect of the weight at D, since the action of the 
others at the other apices will be similar. The weight 
at D is 5 tons, or just double that of E, and it may, 
therefore, be anticipated that its effect upon the various 
members of the girders will be double that produced by 
the weight E. So far as the diagonal bars are concerned, 
this surmise is correct, but it does not hold strictly for 
the flanges, as will presently be perceived. To consider 
the diagonal bars first, plot off upon the same scale as 
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before, D d = 5 tons ; draw d f to meet the bar L D 
produced. Then D F will be found on scaling to measure 
5 ' 8 tons, and will equal the alternate compressive and 
tensile strain upon all the bars from D L to H A. The 
diagonal bars undergoing a compressive strain, or the 
struts, are shown in Fig. 37, by the thick lines, while 
the ties, or those strained in tension, are represented by 
the thin lines. It is readily perceivable, that a weight 
of 5 tons upon C will induce strains of similar amount 
upon the bars C K, K B, B H, and H A, and that the 
weight upon B, will affect to the same extent, the bars 
B H and H A. The pillar A F will support the vertical 
component of these separate strains ; that is, the actual 
amount of the weight itself. This may be proved by 
producing HA to /, making A F = the strain upon 
the bar = 5 • 8 tons, and drawing f d to meet the pillar 
produced in d ; then A d will measure 5 tons, the 
vertical compression upon the pillar. We may now sum 
up the strains upon the several bars in the accompan^ang 
Table, and, to show the accuracy of the graphic method, 
check the sums by mathematical calculation. 

Table I. 



Weights 


Bars. 






at 


EM. 


DM. 


DL. 


CL. CK. BK. 


BH. 


AH. A F 


D.. .. 
G •• .. 


+2-9 

• t 

• • 

• • 


-2-9 

• • 

• • 

• • 


+2-9 
+5-8 

• • 

• • 


-2-9 
-5-8 

• • 

• • 


+ 2-9 
+ 5-8 
+ 5-8 

• ■ 


- 2-9 + 2-0 

- 5-8 + 5-8 

- 5-8 + 5-8 

+ 5-8 


- 2-9; + 2-f> 

- 5-8! + 50 

- 5-8: + .^-0 

- 5-8 i + .5-0 




+ 2-9 


-2-9 


+8-7 


-8-7 +14-5 


-14-5 


+20-3' -20-3 +17-5 



Let us now proceed to ascertain the accuracy of the 
results in the Table. The strain upon any bar is equal 
to the total weights, situated between it,, and the centre 
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of the girder, multiplied by the cosecant of the angle of 
inclination of the bars. Take the bar C K or B K, since 
they are pairs, and consequently the strains upon them 
will be equal in amount, although opposite in nature. 
The result, by the Table, is ± 14 • 5 tons. By calculation 
it is equal to 12*5 x 1*1547 = 14*43 tons, an ap- 
proximation quite sufficiently accurate for all practical 
purposes. Similar accurate results will attend the calcu- 
lation of the strains upon the others. The strain upon 
the vertical bar A F is known to be equal to half the 

35 

total weight supported by the girder = — = 17*5 tons, 

as in the Table. The strains upon the diagonals having 
been fully explained, both in nature and amount, those 
upon the flanges now claim attention ; and it will be 
sufficient to inquire minutely only into the action of the 
weight at D, as that of the others will be similar. 
Owing to the reaction of the weight at D, the bar D L 
will push against the portion of the upper flange D E, 
and compress it towards E. The amount of this strain 
is given by d /, the method of finding which has been 
already explained when treating of the strains upon the 
bars. On scaling c7/, it will measure 2 * 9 tons. A Httle 
consideration will point out, that the weights at C and B 
will also push D and B C with strains of the same 
amount; and, as these stmins are all referred to the 
centre, the portion of the upper flange D E will be pushed 
or compressed by the weights at D, C, and B to the 
extent of 2 • 9 x 3 or 8 * 7 tons. 

This may be termed the direct action of the weights 
at these apices, and we have now to consider the addi- 
tional strains brought upon the top, as well as upon the 
bottom, flange by the action of the bars. The weight at 

H 
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D being ultimately transferred to the abutment, will 
alternately stretch and compress both bars and flanges 
on its way. The strain upon the bar D L has been 
proved to be equal to 5 • 8 tons. Lay off upon the bar 
D L produced, L/ = D F = 5 • 8 tons, and draw f h to 
meet the lower flange ; then L A, measured on the same 
scale, will equal the additional strain brought upon each 
separate portion of the flanges, with the exception of that 
upon the end portion A B. The strain upon this part, 
due to the action of the weight at the several apices, will 
be only half that brought upon the other portions of the 
flanges, as may be seen by measuring / c?, already plotted, 
in order to obtain the vertical strain upon the pillar 
A F. Consequently the total additional strain upon D 
E, owing to the weight upon D, will be equal to 2*9 
tons + (5'8 X 2*5) = 17*40 tons. Similarly the total 
strain due from the weight at C will equal 2*9 + (5*8 
X 1*5) = 11 '60 tons; and that from the weight at B 
= 2-9 + (5-8 X 0-5) = 5-8 tons. From above the 
strain upon D E was found to be equal to 2 • 9 x 3 • 5 = 
10 '15 tons, and adding them together, we obtain the 
total strain upon the central portion to be equal to 44* 95 
tons. The strain upon C D will be manifestly equal to 
that upon D E, less the push of the pin D, and less the 
pull upon the bar M D, that is, less the value of these 
compressive strains on D E, that is equal 44*95 — (2-9 
+ 2*9) = 39-15 tons, and so on for the other portions^ 
of the flanges. These strains may also be obtained by 
the process of summation, as shown in the accompanying 
Table of the strains upon the flanges. 

In a similar manner the strains upon the separate 
portion of the lower flange may be determined. The 
strain upon the .part M N, resulting from the action of 
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the weight at D, will be equal to three times the value of 
L A = (5-8 X 3) = 17-4 tons. The weight at C will 
produce a strain of (5*8 x 2) = 11*6 tons; and that 
at B of (5 '8 X 1) = 5'8 tons. The strain upon M N 
from the weight at E was shown to be equal to 2 * 9 x 4 
= II '6 tons; and, summing up, the total strain will be 
found to be equal 46*4 tons. Subtracting the strain upon 
the top flange from that on the bottom, we hav^ ia. 
diflference of 1 ' 45 tons ; so that, practically, the state- 
ment made at the commencement, that the strains upon 
both flanges were equal holds good. The strain upon L M 
is equal to that upon M N, minus the compressive strain, 
resolved horizontally, of the bar E M, equal to 46 • 4 — 
2 • 9 = 43 • 5 tons, and so on for the reinaimng portions 
of the flanges. In the following Table the strains upon 
the flanges are summed up, and our younger readers 
should carefully consider them : — 











Table II. 










Weights 


Parts of the Flanges. 


at 


AB. 


BC. 


CD. 


DE. 


FH. HK. 


KL. 


LM. 


MN. 


( 


+ 1-5' + 1-5 + 1-5 


+ 1-5 


00 


- 2-9 


- 2-9 


- 2-9 


- 2-9 


E .. ..] 


+ O'O + 2-9 + 2-9 


+ 2-9 


00 ! - 00 


- 2-9 


- 2-9 


- 2-9 


+ 00 


+ 00;+ 2-9 


+ 2-9 


00 - 0-0 


- 0-0 


- 2-9 


- 2-9 


( 


+ 0-0 


+ 0-0 


+ 0-0 


+ 2-9 


00 - 00 


- 00 


- 00 


- 2-9 




+ 2-9 


+ 2-9 


+ 2-9 


+ 2-9 


00 - 5-8 


- 5-8 


- 5-8 


- 5-8 


D.. ..| 


+ 0-0 


+ 5-8 


+ 5-8 


+ 5-8 


0-0 ; - 0-0 


- 5-8 


- 5-8 


- 6-8 


+ 0-0 


+ 0-0 


+ 5-8 


+ 5-8 


0-0 - 0-0 


~ 0-0 


- 5-8 


- 6-8 


[ 


+ 0-0 


+ 0-0 


+ 0-0 


+ 2-9 


00 - 0-0 


~ 0-0 


- 0-0 


- 00 


\j »' • • J 


+ 2-9 


+ 2-9 


+ 2-9 


+ 2-9 


0-0 ~ 5-8 


-r 5-8 


- 5-8 


- 5-8; 


+ 0-0 + 5-8 


+ 5-8 


+ 6-8 


0-0 - 0-0 


- 5-8 


- 5-8 


- 5-8 


1 


+ 0-0 


+ 0-0 


+ 2-9 


+ 2-9 


0-0 


- 0-0 


- 0-0 


- 0-0 


- 00 


B .. ..| 


+ 2-9 


+ 2-9 


+ 2-9 


+ 2-9 


0-0 


- 5-8 


- 5-8, 


- 5-8 


- 6-8 


+ 0-0 


+ 2-9 


+ 2-9]+ 2-9 


00 - 0-0 


- 0-0 


- 0-0 


- 00 


Total .. 


+10-2 


+27-6 


+39-2 


+45-0 


0-0 


-20-3 


-34-8 


-43-5 


-46-4 



It is to be noticed that in Table II. the total strain for 
the central part D E of the upper flange is 45*0 instead 

n 2 
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of 44*95. This trifling diflPerence is due to making the 
value of the line a ft in Fig. 37, equal to 1 • 5 instead of 
1 • 45, in order to save a second place of decimals in the 
Table, which with the exception of that one strain would 
be rows of ciphers. 

The strains upon the whole girder, have now been 
investigated and determined, with an accuracy equal to 
mathematical calculation, and quite sufficient to prove, 
that with proper care and attention to the drawing of the 
diagram, and the plotting of the strains, this method is 
susceptible of the greatest precision. There still remains 
the case of a passing load to be considered, but those 
who have made themselves masters of the rules already 
elucidated, will have no difficulty in following up the 
subject. 
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CHAPTER XII. 

EFFECT OF THE POSITION OF THE LOAD — CONTINUED. 

Having investigated graphically and analytically in tte 
last two chapters, the case of a girder uniformly loaded 
upon the top flange, we will now consider what difference 
is caused in the strains upon the various members, by 
placing the load upon the lower flange. The same 
example is selected for the express purpose of affording 
a ready method of comparison at a glance, and also 
because instances occur in which the beginner, although 
able to take . out the strains upon a structure when the 
load is distributed in one particular manner, is completely 
at a loss how to proceed when it is arranged in a dif- 
ferent manner. Referring to Fig. 38, there is a load of 
5 tons upon each of the apices M, L, K, and H, or 
20 tons in all, which is an increase of 2 • 5 tons more 
than the total weight upon the girder, when the load was 
uniformly distributed over the upper flange. In that 
arrangement 2*5 tons was directly supported by the 
pillar A F, and caused no strain upon the remaining 
members of the girder. Commencing with the diagonal 
bars, and taking the weight placed at M, there are strains 
of tension induced upon M D and M E. That upon 
M E is balanced by a compressive strain of the same 
amount, from the weight of 5 tons placed at the cor- 
responding apex at the other side of the centre line E N, 
and the two strains neutralize one another, the resultant 
being equal to zero. This result might also have been 
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anticipated from what has been already stated, that in 
determining the strains upon the half girder, it was 




ro 



necessary only to have regard to the bars situated 
between the weight and the point of support. Con- 
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sequentiy, upon this assumption, the strain upon M E 
is equal to cipher. 

The process of reasoning is analogous to that em- 
ployed in the previous case : To find the strains upon 
all the bars produced by the action of the weight of 
5 tons at M, make M a = 5 tons, draw a b parallel to 
the bottom flange, to meet the bar D M, produced to h. 
Then M 6, measured upon the same scale, will give the 
strain upon all the diagonal bars situated between M 
and the support at F. This strain will be found equal 
to 5 ' 8 tons, and will be minus or plus, that is, tensile or 
compressive, according as the bars are ties or struts, the 
latter being shown in the diagram by thick lines. The 
strain upon A F will not be equal to 5 • 8 tons, but to 
5 tons, as may be seen from the figure, by plotting oflf 
upon the bar A H produced, A ft = its own strain 
= 5*8 tons, and drawing h a parallel to the top flange, 
to meet F A produced, A a = 5 tons. Similarly the 
weight of 5 tons at L, induces alternate strains of tension 
and compression of the same amount, upon all the dia- 
gonal bars between it and the support, and the same 
eflFect is produced by the respective weights at K and H. 
The sum of the strains gives the total strain upon each 
bar. It is worth noticing here the different manner, in 
fact, the completely opposite manner, in which the pro- 
cess of summation of the strains upon the bars and 
flanges is conducted. In the latter they sum up, as it 
were, from the end of the girder, in the former from the 
centre. Thus the strain upon M D is equal to M 6 
= 5-8 tons ; that upon LC=M6+L6 = 2x5-8 
= 11-6 tons ; that upon KB = M6 + Lft + Kft, and 
so on for those upon the remaining bars H A. In the 
flanges, for instance, the strain upon D E will equal its 
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own strain + that upon A B + that upon B C + that 
upon C D ; the summation proceeding in completely the 
opposite direction. In Table III. are tabulated the results 
of the action of the different weights upon all the bars, 
and if it be compared with the diagram, the two together 
will furnish an ample explanation of the manner in which 
the strains are produced and estimated. 

Table m. 



Weight 


l^ars. 


at 


EM. 


MD. 


DL. 


LC. 


CK. 


.KB. 


BH. 


HA. 


AF. 


L .. .. 
jS. •• •• 


• • 

• • 

• • 

• • 


-5-8 

• • 

• • 


+5-8 

• • 

•• 

• • 


- 5-8 

- 6-8 

• • 

• • 


+ 5-8 
+ 6-8 

• • 

• • 


- 5-8 

- 5-8 

- 5-8 
. • 


+ 5-8 
+ 5-8 
+ 5-8 

• • 


- 5-8 

- 5-8 

- 5-8 

- 5-8 


+ 5 
+ 5 
+ 6 
+ 5 


Total.. 


• • 


-5-8 


+5-8 


-U'6 


+11-6 


-17-4 


+17-4 


-23-2 


+20 



From this Table, and that given in the last chapter, 
can be perceived, at once, the difference which results in 
the strains upon the bars, from a different disposition of 
the load, and, so far as they are concerned, the relative 
economy of the two principles of loading a girder is 
apparent. In the first place, the total strain upon all 
the diagonal bars — in other words, upon the web of the 
girder — is the same for both conditions of loading. Sum- 
ming up all the separate total strains upon the diagonal 
bars, in the Tables given in the last and the present 
chapter, they are equal to 92*8 tons. At first sight 
it would therefore appear that, so far as the w^eb is 
regarded, it is a matter of indifference which principle 
of loading is adopted. But a little consideraition will 
show that as the web consists of struts and ties, that is, 
diagonal bars subjected to respective strains of compres- 
sion and tension, and as wrought iron is stronger under 
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one of these strains than the other, it is the total amount 
of the strains upon the struts and ties separately that 
must be considered, in order to determine to which side 
economy belongs. With the load upon the upper flange, 
as in Fig. 37, the sum of the total compressive and tensile 
strains, upon the diagonal bars of the web, are equal to 
one another — equal in the present instance to 46*4 tons. 
But with the load upon the bottom flange, as in Fig. 38, 
the sum of the compressive strains is equal to 34*8 tons, 
and the tensile to (92*8 — 34*8) = 58 tons. As iron is 
weaker under a compressive strain than under a tensile, 
the less the strain upon the struts in a web, the better 
for the economy of the structure. With the loading upon 
the bottom flange, therefore, the aggregate strain upon 
the struts will be a minimum, and consequently that 
upon the ties a maximum. The saving effected will 
therefore depend upon the relative magnitude of these 
separate strains. In the comparatively trifling example 
under notice, the actual difference in the amount of metal 
required, would be too insignificant to take into account, 
but the general principle holds for larger examples, where 
the saving in metal would be deserving attention. From 
the diagram, it can be deduced that mathematically, the 
strain upon any bar may be found as follows : — Let W 
= the weight at any apex, N = number of weights 
situated between the given bar and the centre of the 
girder, 6 = angle of inclination of the bars to the horizon, 
and S = strain required. Then, accordingly as the bar 
is a strut or tie, S = ± N x W x cosec. 6. The bar 
H A has a total strain upon it by geometrical calculation 
of — 23*2 tons. In this case N = 4, W = 5 tons ; 
cosec. 6 = 1*1547, and S = — 23*09, which is practi- 
cally the same result. As the girder is uniformly loaded. 
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if L be the distance in feet from the top of the bar to the 
centre of the girder, and W^ the load per running foot in 
tons, or decimals of a ton, the equation may be written, 

S = ± ;r-* 

sine 

Passing on to the strains upon the flanges, they are 
similar to the example when the loading is on the upper 
flange, two descriptions of strains being induced, one, 
wh\ch may be termed the direct, and the other the trans- 
ferred action of the weights. If the means of connecting 
the web and flanges at M be supposed to be a single pin, 
then M is pushed by the bar E M, and pulled by D M, 
the action of both being to bring about the same result 
— ^namely, the stretching the central portion of the flange 
M N. It has been demonstrated that the push of E M, 
that is, its own compressive strain, is equal to zero, so 
that, in the first place, the portion of the flange M N is 
stretched by the action upon the pin at M, from the bar 
D M. This tensile strain is equal to a 6 = 2 ' 9 tons, in 
the triangle of forces Mab, the manner o^ obtaining 
which has already been shown. Similarly, the remaining 
triangles, L abj K ab, Hab, will give 2 • 9 tons = ab 
= tension upon L M, K L, and H K, and the sum of 
these will be the total tension upon M N, from the 
direct action of the load. Consequently this strain 
= - (2-9 X 4) rt - 11-6 tons; that upon L M 
= — (2'9x3)=— 8*7 tons, and so on for the parts 
K L and H K. Let the strains upon the flanges arising 
from the action of the bars, or by transference, be now 
calculated, commencing with the bottom flange. The 
strain upon each of the bars D M and D L, which are 
pairs, equals M6 = D6 = D(?. Produce the bar D L, 
making L6 = Dc = 5'8 tons ; draw b c parallel to L 0, 
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meeting the lower flange in c ; then L c equal the strain 
upon L M and M N, resulting from the transference of 
the weight at M down the bar D L. The weight 
being ultimately transferred to the abutments by the 
bars C K and B H, causes strains upon K L and H K, 
which are all referred to the centres, and consequently 
pull upon the parts of the flange L M and M N to the 
same extent. The total strain brought upon M N from 
the weight at M, during its passage, so to speak, towards 
the abutment, is equal to the pall at L + the pull at K, 
+ the pull at H. Each of these pulls is equal to a 
tensile strain of 5 • 8 tons, and therefore the strain upon 
MN = - (3 X 5-8) = — 17-4. Again, the strain 
upon M N from the weight at L, by similar reasoning, 
= 2Lc=2K(?=2H(?=(2x 5-8) = - 11-6. 
That from K = - (1 x 5-8) = - 5-8 ; and that from 
the weight at H = • tons. Summing up, we have the 
total tensile strain upon 

MN={(4x2-9) + (6x5-8)} = -(ll-6+34:-8)= -46-4 tons. 

It will not be necessary to recapitulate the manner, in 
which the strains upon the other portion of the flanges 
L M, K L, and H K are obtained, as they are calculated 
in precisely the same way as in the example in the last 
chapter. An inspection of the diagram, a measurement 
of the strains by the scale, and a comparison with the 
results in Table IV. will be sufficient to explain the 
whole problem. 

To obtain the strains upon the top flange, and com- 
mencing with the central portion D E, the first strain 
brought upon it is due to the weight at M, and caused by 
the pull of the bar M D, compressing D E towards E. 
Produce the bar M D ; make D ft = M 6 ; draw b c 
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parallel to the top flange to meet the bar D L produced 
in c ; then b c = first strain upon D E = 5*8 tons. This 
strain is transferred to the abutment, and on reference to 
the diagram it will be readily perceived that the total 
strain upon D E, resulting from the action of the weight 
of 5 tons at — 

M = 3 hc + ah = 3 X 5-8 + ^ = (17-4 + 2-9) = 20-3 tons. 

Again, the second strain upon it> from the weight at L 
= (2-5 X 5-8) = 14 '5 tons. From the weight at K, 
we have a strain of (1*5 x 5*8) = 8*7 tons, and from 
weight at H a strain of (0 • 5 x 5 • 8) = 2*9 tons. Sum- 
ming up, the total compressive strain upon D E = 
(3-5 X 5-8) + (2-5 X 5-8) + (1-5 x 5-8) x (0-5 x 
5'8) = 8x5*8 = 46'4 tons, or exactly equal to the 
strain upon the lower flange. So far as the strains upon 
the flanges are concerned, it is in this instance of no con- 
sequence whether the load be uniformly distributed over 
the top or the bottom flange. 

There are many practical reasons why the lower flangp 
is generally selected as that upon which to place the 
load; but the choice must depend upon other circum- 
stances than those of simple theory, and cannot be decided 
upon universal principles. It is sometimes advantageous 
to have the girders of a bridge placed altogether under- 
neath the level of the rails, so that no vertical projection 
should break the evenness of the platform ; but the more 
usual plan is to lay the rails upon cross beams, placed 
upon the bottom flange between the main girders. It 
has been shown that the total strain upon the bar A F 
is equal to a vertical compression of 20 tons, equal to the 
whole load upon the half girder, and that the strain upon 
the diagonal bar A H was one component of it* The 
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other component is manifestly the horizontal strain upon 
A B, and may be always found by multiplying the half 
load upon the whole girder, or the vertical strain upon 
A F, by the cotangent of the angle of inclination of the 
bars to the horizon. Thus the cotangent of 60° = • 57735 
and 0*57735 x 20 = 11 '54 tons, or practically the 
strain upon A B, found by the diagram. 











Tablb IV. 










Weights 




Parts of the Flanges. 




LM. 




At 


AB. 


BC. 


CD. 


DE. 


FH. 


HK. 


KL. 


MN. 


( 


+ 2-9 


+ 2-9 


+ 2-9 


+ 2-9 


-0-0 


- 0-0 


- 00 


- 00 


- 2-9 


M.. ..< 


+ 00 


+ 5-8 


+ 5-8 


+ 5-8 


-00 


- 5-8 


- 5-8 


- 5-8 


- 5-8 


+ 00 


+ 0-0 


+ 5-8 


+ 5-8 


-00 


- 00 


- 5-8 


- 5-8 


- 5-8 


1 


+ 00 


+ 00 


'+ 0-0 


+ 5-8 


-00 


- 0-0 


- 00 


- 5-8 


- 5-8 


li .• .. ) 


+ 2-9 


+ 2-9 


+ 2-9 


+ 2-9 


-00 


- 00 


- 00 


- 2-9 


- 2-9 


+ 0-0 


+ 5-8 


+ 5-8 


+ 5-8 


-0-0 - 5-8 


- 5-8 


- 5-8 


- 5-8 


1 


+ 0-0 


+ 0-0 


+ 5-8 


+ 5-8 


-00 


- 0-0 


- 5-8 


- 5-8 


- 5-8 


Iv >• •• \ 


+ 2-9 


+ 2-9 


+ 2-9 


+ 2-9 


-00 


- 0-0 


- 2-9 


- 2-9 


- 2-9 


+ 0-0 


+ 5-8 


+ 5-8 


+ 5-8 


-00 


- 5-8 


- 5-8 


- 5-8 


- 5-8 


H t« 


+ 2-9 


+ 2-9 


+ 2-9 


+ 2-9 


-0-0 


- 2-9 


- 2-9 


- 2-9 


- 2-9 


Total .. 


+11-6 


+29-0 


+40-6 


+46-4 


-00 


-20-3 


-34-8 


-43-5 


-46-4 



In Table IV. are given the results of the action of the 
different weights, placed at the various apices, upon the 
separate parts of the flanges, and the Table is so arranged 
that the strains brought upon each portion of the upper 
and lower flanges, by each weight, can be distinctly 
traced without being confused with one another. The 
strains upon the central portions of the flanges, may be 
checked by the method of calculation. The central strain 
is given by the simple formula — 

WxL 40+80 _ 400 ...«.„ 

which is an approximation sufficiently near for all prac- 
tical purposes. With the load situated, upon the upper 
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flange in the example given in the last chapter, the total 
strain upon the lower flange was equal to — 46 • 4 tons, 
or precisely the same as that found in the present instance 
in Fig. 38. Although the disposition of the load is un- 
doubtedly different, yet the reason of the equality in the 
aggregate strain is easily to be explained. The actual 
weight tending to exert strain upon the lower flange, 
with the weight at the top, was 17*5 tons ; but in Fig. 38 
the actual weight suspended from the bottom flange is 
20 tons. How, then, is the equality to be accounted for ? 
The diagram will point out that the weight at H does not 
affect the lower flange by any transferred strain, and the 
only action it induces is the pull, equal to a 6, the verti- 
cal component of which is 2 • 5 tons. The other weights 
are altogether equal to 15 tons, so that although there 
are 20 tons upon the flange, yet ttiere are only 17*5 
reaUy affecting it, and thus the strains are identical with 
Hiose produced in the other example. Not only is tjie 
central strain the same, but the separate strains upon the 
parts H K, K L, L M, M N, are identical with those 
given in the Table of strains in the last chapter. 

There are two angles usually selected in practice for 
the inclination of the bars in the web to the horizon ; 
they axe 60° and 45° respectively. The cases already 
considered have their bars at an angle of 60°. It is 
worth examining a little into the effect produced by 
altering their angle to one of 45°, keeping every other 
item constant relating to the span, depth, and rate of 
uniform loading. In Fig. 39 is represented the same 
girder as in Fig. 38, drawn to a scale of 13*33' to 1", 
the depth being, as before, 8 • 66'. The girder is divided 
by the central line A B, and in the one half, the bars are 
inclined at the angle of 60°, and in the other, at that of 
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45^. In this comparison both the halves of the girder 
belong to the Warren type, that is, they have only one 
series or system of triangulation, 
whereas the lattice, or type pos- 
sessing two or more series, is that 
preferred in practice. 

On referring to the figure, it 
will be seen that the angle of 45° 
divides the half girder into fewer 
spaces, and consequently there are 
but about half the number of bars 
required. On the other hand, the 
bars are individually rather longer 
than those inclined at the angle of 
60°, but the total length will be 
less. If the total length of all the 
bars on both halves of the girder 
be measured, that of those inclined 
at the angle of 60° will exceed the 
length of those at 45° by about 
two and a half times the length of 
one of the former. Manifestly the 
uniformity of loading of the girder 
is better ensured by the arrange- 
ment of bars between A and 0, 
but, as has been already remarked, 
this object is fully obtained by the 
introduction of two or more series 
of triangles. Otherwise, the apices 
of the triangles between A and D 
would be too far apart, to allow of 
the collection of the weights at 
them, to be regarded as equivalent 
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to a uniform distribution of the load. The arrangement 

of the load upon the apices is shown in Fig. 39. Were 

the weights situated upon the apices of both halves of the 

girder identical, the strains upon the bars would vary as 

1*414 
the cosect. of the different angles, that is, as , ^^ - A 

_ 1*154 

strain of 1 ton, upon a bar inclined at an angle of 60°, 

would become 1 * 22 tons upon one inclined at 45°. The 

sum of the strains upon the central part of the ffanges 

will be the same, so long as the span, loading, and depth 

are constant, as will be apparent from the next chapter, 

in which the strains upon a half girder with the bars 

inclined at an angle of 45° will be treated of. 
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THE LATTICE GIRDER. LOAD UNIFORMLY DISTRIBUTED. 

In order to render the determination of the strains, upon 
the various members of a Warren girder, perfectly clear 
to our readers, each step of the graphical process was 
successively explained in the former chapters. It will 
now be seen that it is not absolutely necessary to find 
every strain individually, provided the sum of those of 
the same kind — that is plus or minus — ^be accurately 
obtained. Let the diagram in Fig. 40 represent a por- 
tion of a Warren or 

. .^. , ^ Fig. 40. 

primitive type of 
the lattice girder, 
with one series of tri- 
angles, loaded upon 
the bottom flange. 
The general case, 
applicable by simple 
repetition and sum- 
mation to the whole 
of the flanges and 
web, consists of a 
weight at A, and a 
strain transferred 
along the bar A C 
to the point A. The magnitude of this strain will vary 
with the number of weights situated between the point 
A, and the centre of the girder^ and will never exceed 

I 
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the sum of these weights, multiplied by the cosecant 
of the angle of inclination of the bars of the web. 
Of these c/and A /are due to the action of the weight 
at A, and a b and A 6 to the strain transferred along the 
bar A C. The strains to be found, are those upon A D 
and A B. It has been already shown, that the total 
strain upon A D, equals cf + ab, and that upon A B, 
equals A b and A /. To obtain the sum of cf + a b 
and A 6 + A / we proceed as follows : — Let the weight 
suspended from A equal 1 ton, and the strain trans- 
ferred to the same point, in the direction of the bar A 0, 
equal 1 \ tons. Let A c and A g represent these strains 
both in amount and direction. It is manifest that they 
may be regarded as two distinct forces, acting in different 
directions upon the point A, and may consequently be 
replaced by a single force, or resultant. To find this, 
construct the parallelogram of forces by drawing c h 
and h g^ parallel to the two original forces, and join the 
points A and A, by the line A h. The line A h repre- 
sents, in magnitude and direction, the resultant of the 
two forces or strains acting upon the point A. If fi-om 
the point ^, we now draw h E parallel to the bar A B, 
the line h E will equal the total strain upon the 
bar A B, and A E that upon the part of the flange A D. 
If these lines be checked A E will be found equal to A / 
+ A i and A E equal to c/ + a b. 

The type of girder hitherto selected for illustration is 
not so well adapted for actual practice as the lattice, 
which embraces in the web several series of triangles. 
At home, a Warren girder is never put up now, although 
from the facility with which it can be erected, it is 
frequently employed abroad, and in situations where it 
is tlifgoult to procure skilled labour. From the small 
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amount of lateral rigidity, possessed by the uninter- 
sected bars of the web it is not suited for any but very 
moderate spaces. We may therefore pass from the con- 
sideration of the Warren to that of the lattice type, in 
which one or more intersections occur in the length of 
the diagonal bars. In Fig. 41 is represented the skeleton 
elevation of a lattice girder, with three series of triangles 
A, B, and C, which, practically, are totally independent 
of one another. This statement requires some explana- 
tion. The load is supposed to be uniformly distributed 
over the top of the whole girder, and consequently, equal 
portions of it are situated upon the several apices of each 
system of triangulation, or series of triangles. Let us 
take the case of the weight placed upon the apex A^ 
It is conveyed upon the principle of the lever, to each of 
the abutments D, by means of the bars A^ A, A A, A D, 
A^ A\ A^ A^, A^ A^ A^ A^ A^ D, and is considered to 
produce no practical eflfect upon the bars of the other 
systems B and C, at the points of their intersections with 
its own system A. It is assumed that whether pins or 
rivets be employed, for connecting the diagonal bars of 
the dififerent systems, they do not act as a medium for 
the transference of strain, but simplj^ bind the bars 
together, or hold them in a vertical plane. Theoretically, 
there is no doubt but that some slight strain is induced, 
but as we are dealing with the subject principally in a 
practical light, we shall not discuss the question at 
present. 

There are two methods of arriving at the strains upon 
the web of a lattice girder, an approximate and an exact 
one. The former consists, in supposing the total load dis- 
tributed upon the apices of one system only, determining 
the strains, as in a Warren girder, and dividing them by 

I 2 
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the number of series or systems of triangles. This 
method is, in fact, equivalent to regarding the lattice as 
a simple Warren girder, and determining the average 
strain for each bar, from the maximum strain resulting 
upon one. Where the girder is small, and the number of 

systems of triangles does not exceed 
a couple, and the bars are pretty 
close together, this approximate 
method may suffice, but it should 
never be used in examples upon a 
large scale, or where it is desirable 
to obtain a very accurate result. 
Referring to Fig. 41, and supposing 
the bars A A, A A^ to be pairs, the 
strain upon either, divided into three 
parts, would not afford an accurate 
result for each of the correspond- 
ing bars of the other systems. To 
ascertain the strains not only upon 
the bars of the web of a lattice 
girder, but also upon the diflferent 
parts of the flanges, with that proper 
amount of care and accuracy which 
should ever accompany all such 
calculations, there is but one true 
method, and that is the one which 
has been already explained in the 
analysis of the Warren girder in 
the previous chapters. In Fig. 41 
the load should be considered as 
uniformly distributed over all the 
apices, and the strains resulting from each separate 
weight obtained, and tabulated in the manner already 
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described. It would be an unnecessary repetition to 
give the analysis of the strains' upon each bar and por- 
tion of the flanges of the example in Fig. 41, as by 
taking the action of each weight separately the problem 
becomes reduced to the case of a Warren girder, the only 
diflerence consisting in the greater number of bars, and, 
consequently, the greater number of individual strains to 
be tabulated. In applying the mathematical formula 
already given, to the determination of the strain upon 
any bar of a lattice girder, care must be taken to include 
only so much of the load situated between the bar and 
the centre of the girder, as is placed upon the apices of 
that particular system of triangles to which the bar 
belongs. So far, there appears to be no diflference in 
the general disposition, and nature, of the strains induced 
upon both the Warren and the lattice girder. The latter 
is nothing more than a more elaborate, or, as perhaps 
some of our younger readers might term it, more 
troublesome example of its theoretical prototype. 

If we examine carefully into the strains brought upon 
the vertical ends of the girders, or pillars, as they are 
usually called, a notable difference will be perceived. 
Confining our attention to the one system of triangles in 
the elevation in Fig. 41, which commences at A over one 
abutment, and terminates at A^ over the other, we may 
consider it to represent a Warren girder. Under these 
circumstances, it has been already demonstrated that the 
only strain brought upon the end pillars A D, A^ D, is a 
vertical one, which is equal, for each pillar, to half the 
total load upon the girder. In fact, the pillar is in pre- 
cisely the same condition as if it directly supported half 
the load. This is worth remarking, as it points out that 
any vertical load will be ultimately transferred to the 



118 



CONSTRUCTION. 



points of reaction, without altering its original value at 
those points, notwithstanding the manner in which it 
may be transferred, and the number of strains to which 
it may give rise in the various bars, which may be con- 
sidered to act as the medium of its transference. The total 
load, being uniformly distributed, is conveyed in equal 
portions to each abutment, and the vertical reaction 
which causes the strain in the end pillars is equal to 
exactly half that load. Again, referring to Fig. 41, and 
regarding it in its true light, as the elevation of a lattice 
girder with three systems of triangles, it will be seen 
that two bars B E, C E, are connected to the pillar A D, 
and two others C^ E, B^ E, to the pillar A^ D. Conse- 
quently, the strains upon these bars must be resisted by 
the pillar, and it remains to ascertain of what nature are 
the strains which the pillar undergoes. It will be quite 
sufficient to examine into the case of one pillar — that 
over the abutment on the left, or A D. Of the two bars, 
one, B E, is a strut, and the other, E, a tie ; conse- 

Fig. 42. qucutly their strains may 

B be resolved into their com- 
ponents — one in a vertical, 
and the other in a hori- 
zontal direction. 

This is shown in the 
diagram in Fig. 42, in 
which A D is the vertical 
pillar, and B E, C E the 
strut and tie. Let the com- 
pressive strain upon BE be 
^ equal to 1 ton; and since 
this tends to push the pillar A D outwards, produce the 
bar B E beyond the pillar, and lay off upon it ^he 
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distance E F, equal to 1 ton, draw F H to meet the 
pillar at H ; then F H equals the horizontal component 
of the compressive strain upon the bar, and tends to 
push the pillar outwards. It is, in fact, the transverse 
strain to which the pillar is subjected by the oblique 
thrust of the bar B E. Now suppose the bar C E to 
be under a tensile strain of 1 ton, it will evidently 
pull the pillar inwards, with the same amount of force 
with which B E pushes it outwards. Making E F 
equal to 1 ton, and drawing FH to meet the pillar, 
it is plain that the horizontal components — being equal 
and in opposite directions — balance one another, and 
there is in that case no transverse strain brought upon 
the pillar. But if the strain upon one bar exceed that 
upon the other, then the transverse strain is equal in 
amount to the difference of their horizontal components. 
For instance, let the strain on B E be 1 • 5 tons ; make it 
equal to E J in the diagram, and J K will represent the 
, horizontal component, tending to thrust the pillar out- 
wards, while the pull in the contrary direction is repre- 
sented by E H. The difference between their respective 
values will evidently give the measure of the transverse 
strain upon the pillar. These horizontal components, 
which in the case of the intermediate bars B E, C E, 
must be resisted by the pillar A D, are analogous to 
those which at the top and bottom of the pillar, cause 
compressive and tensile strains respectively upon the 
upper and lower flanges. 

The object of departing from the simple Warren 
girder, and introducing secondary systems of triangles 
is threefold. First, in the lattice type, the points of 
attachment between the upper and lower flanges are 
multiplied, and a more uniform distribution of load 
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thereby ensured ; secondly, the flanges are rendered 
incapable of undergoing any strains, save those of longi- 
tudinal tension and compression; and thirdly, the web 
itself is made a great deal stiflfer, and better adapted for 
the case of deep girders. It is evident that if the apices 
be too far apart, that is, if there be not a sufficient num- 
ber of series of triangles, the assumption that a uniformly 
distributed load may be considered collected upon the 
apices, will not hold good, and the assumption becomes 
still farther from the truth, in the ease of a moving or 
variable load. Each portion of the flange, between the 
apices or points of attachment of the web, becomes in 
reality a short girder, and the entire flange approaches 
the conditions of a continuous girder. At the same time, 
since the real economy of the lattice form is to be found 
in its web, the bars must not be placed too near each 
other. In other words, there must not be too great a 
number of separate triangulations. As a rule, this is 
the great mistake made in designing lattice girders. The 
bars are jfrequently placed so near together, that the true 
principle of a lattice web is departed from. The parti- 
cular advantages resulting from its adoption are lost, and 
it would be just as - cheap to construct a plate girder 
instead. 
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CHAPTER XIV. 

THE LATTICE GIRDER. MOVING LOAD. 

Hitherto, the strains investigated have been those result- 
ing solely from a uniformly distributed load ; but, with 
very few exceptions, girders are subjected to the action 
of a variable or moving load — the weight of a train, for 
instance. In some cases the moving load will very 
much exceed the fixed or permanent weight of the 
bridge itself, while in others it will bear but a small 
proportion to it. There are two points to be considered 
with respect to a moving load. The one is the actual 
strain resulting from it, and the other, the effect it pro- 
duces by its impactive or concussive force, which cannot 
be accurately, or even approximately ascertained. Never- 
theless, some allowance must be made for it, especially in 
bridges of small span, where the vis inertioe of the super- 
structure presents but a feeble resistance to the shock of 
an express train. In the early days of railways, it was 
not an uncommon practice, actually to load the bridges 
with an additional depth of ballast, with the view of 
increasing its insistent weight, and so diminishing the 
vibration caused by the transit of a heavy train. How- 
ever well this plan may speak for the precautionary 
principles entertained by the engineers of those days, it 
does not say much for their ideas of economy of material, 
or their skill in designing iron structures. Paradoxical 
as it may appear, the placing of a greater load upon a 
portion only of a girder, reduces instead of increasing 
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the strain already existing upon some of the bars of 
the web, increases those upon others, and sometimes 
changes their character from compressive to tensile. 
Let Fig. 43 represent a Warren girder in elevation uni- 



FiG. 43. 




formly loaded upon the upper flange. The thick lines 
show the struts or bars in compression, and the thin 
those in tension. Suppose we now illustrate the action 
of a moving load by placing an additional weight on the 
apex D, and examine into the result. The portion of it 
conveyed to the abutment F M, will compress the bars 
D L, E M, and F M, and stretch L K, L E, and M L. But 
these are the normal conditions of these bars under the 
existing permanent load, therefore their strains will be 
increased. The contrary takes place on the other side of 
the centre line of the girder. Under a uniform load, the 
bars D K, C K are practically free from strain, but the 
portion of the moving load situated at D, which is trans- 
ferred to the abutment A H, compresses the bar D K, 
and stretches C K. It is readily perceived that when 
the variable load, or a part of it, is situated at C, then 
the bar C K will be in compression, and D K in tension. 
Both these bars are therefore liable to strains of alter- 
nate tension and compression, according to the position 
of the movable load 

The simplest practical method of calculating the 
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strains upon a girder, due to a passing load of uniform 
weight, will be first of all to calculate the strains upon 
the assumption that the total load upon the bridge, 
including its own weight, is uniformly distributed over 
the span. One advantage of this method is, that we at 
once obtain the maximum strains upon the different parts 
of the upper and lower flanges, since they take place 
when the passing load covers the whole span, that is, in 
reality, when it is uniformly distributed. The strains 
having been calculated upon this assumption, the design 
of the girder can be proceeded with ; and in the mean- 
time, the effect of the moving load upon the various 
bars, obtained by a graphical diagram, can be allowed 
for, by increasing their dimensions, if necessary, or 
counterbracing them, as may be required. By counter- 
bracing any portion of a structure, is meant, bracing it in 
such a manner, as will enable it to resist a strain of com- 
pression as well as one of tension. That it is absolutely 
necessary to regard the moving load also as a uniformly 
distributed one, is evident from the fact that a train may 
at any moment be brought to a standstill upon a bridge, 
and thus cover the whole span. The other method will, 
of course, give the same results. This would consist in, 
fiorst of all, deducing the strains resulting from the abso- 
lute permanent weight of the bridge itself, and afterwards 
finding those due to the passing load. In reality, how- 
ever, if the first method be employed, it will be at once 
seen that the load subsequently considered as a moving 
one, causes very little alteration in the proportions of the 
bars, and none whatever in some of them. To elucidate 
this thoroughly, we must recapitulate a little, and will 
take the example given in Chapter XII. on this subject, 
where tables of the strains upon the various parts are 
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inserted. As already stated, the strains upon the flanges 
will not alter, and it is therefore only the diagonal bars 
we have to regard. In the example referred to, the 
girder is 80' in span, and supposed to be loaded uni- 
formly upon the bottom flange with 40 tons, or at the 
rate of half a ton per foot run. This load of 40 tons 
will now be considered as moving, that is, approaching 
the girder at one extremity and gradually advancing 
over its entire length. Upon the assumption that the 
load was uniformly distributed, or what amounts to the 
same, that it covered the whole span, the strains upon the 
diagonal bars of the web were given in the following 
Table :— 

Table V. 



Weight at 


Bars. 


EM. 


MD. 


DL. 


LC. 


CK. 


,KB. 


BH. 


HA. 


AF. 


M.. 

L .. .. 
XV •• .. 
XX .• .. 


• • 

• • 

• • 

• • 


-5-8 

• • 

• • 

• • 


+5-8 

• • 

• • 


i i 

• • Of Of 
00 GO 


+ + 

• • Of Of 
00 00 


1 1 1 

• Of Of Of 
CX) 00 00 


+ 5-8 
+ 5-8 
+ 5-8 

• • 


- 5-8 

- 5-8 

- 5-8 

- 5-8 


+ 5 
+ 5 
+ 5 
+ 5 


Total .. 


• • 


-5-8 


+5-8 


-11-6 +11-6 


-17-4 


+ 17-4 


-"23-2 


+20 



It now remains to determine whether the proportions 
given to the bars, are sufficient to enable them to with- 
stand the effect of the same load, situated successively at 
different points of the girder. 

Let a full skeleton elevation of the half girder in 
Chapter XII. be represented in Fig. 44, and let the 
moving load be supposed to be advancing from the right. 
The method of arriving at the various strains is precisely 
similar to that already adopted, and amply explained 
in the diagrams, and graphical analysis contained in 
previous chapters. It will, therefore, be unnecessary to 
repeat the more elementary steps, but merely give the 
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rationale of the. process, and leave oar readers to verif}^ 
the accuracy of the results for themselves. It is neces- 
sary to work out the strains upon the full elevation in 
this instance. The half girder will not 
suffice, as the strains resulting from 
these portions of the load, situated upon 
each side of the centre of the girder, 
only counterbalance each other, when 
they cover the whole span, that is, when 
the weights upon each half are identical. 
It is true that in a girder of large span, 
if the centre of gravity of the whole 
train be exactly over the centre of the 
girder, although the whole length of it 
might not equal the span of the bridge, 
the same compensation of strain would 
occur, but this is more a theoretical 
than practical question. And again, t^ 
if the division were so adjusted that g 
the weights were equal, the distances 
occupied by those weights upon each 
side of the centre would not be equal. 
In Fig. 44 let the moving load be 
advancing from the right-hand side, and 
suppose it to cover so much of the girder 
as extends to the point 6, which will be 
equivalent to supposing a weight of 5 
tons, supported at the lower apex of 
the bars AH and HB. 

Let us now examine how this load 
will affect the various bars throughout 
the web. As there is no load situated 
upon the other portion of the girder, 



126 CONSTRUCTIOX. 

there are no counterbalancing strains .so far as the 

moving load is concerned, and consequently the strains 

must be deduced from the principle of the lever. Of 

the 5 tons situated at H, one-sixteenth is transferred 

to the far abutment, and fifteen-sixteenths to the near. 

15 X 5 
Therefore — ttt- = 4-6875 tons are transferred to the 

near support, and 0*3125 tons to the most distant. If 
these weights be laid down to scale in the manner already- 
shown, the strains resulting from them upon all the bars, 
situated between the point H, and the supports to which 
they are respectively transferred, can be readily ascer- 
tained. Again, when the moving load reaches the point 
c, and the weight is supposed to be at K, the proportions 
into which it is divided and conveyed to the supports are 

— — — = 4 • 062 and =0*938 tons respectively, and 

so on, for all the other points dl, e, d}, ^\ 6^ until the 
load covers the whole girder. If W represent that 
portion of the load transferred to either abutment, then 
the strain either of compression or tension, resulting in 
consequence upon all the bars, situated between the 
point where the load is assumed to be placed, is equal to 
W X cosecant of angle of inclination of the bars, equal 
in this instance to W x cosecant 60° = W x r 1 54, The 
maximum strain upon the vertical pillar A F, or the 
bar A H, occurs when the load covers the whole span. 
The only manner in which these bars can be affected 
is from the pull upon the point H, which consists of 
the action of the successive weights as they are finally 
conveyed to the supports. Consequently,' the simple 
summation of a series will give the maximum strains 
upon these bars. Thus from the weight at H of 5 tons, 
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15 
we have, 5 x ^r-r transferred to the pear abutment ; 

lb 

13 
from that at K, 5 x :rr, and in like manner for the rest, 

lb 

Summing up we have 

:j| (16 + 134-11 + 9 + 7 + 5 + 3 + 1) = :^x 64 =20 tons. 



16 



16 



Referring to Table Y., it will be seen that this is precisely 
the strain found before for the vertical pillars. Similarly 
for the end diagonals A H. As they can only be affected 
by the vertical component of the strains at H, their 
maximum strain is given by 20 x 11547 = 23 1, or 
practically the same result obtained before. In Table YI. 
are shown the strains upon the various bars, resulting 



Table VI. 



Pu8ltion of 
load. 



Bars. 



AH. 



H 
K 
L 
M 
M. 

i; 



5-41 
4-68 
3-96 
3-24 
2-52 
1-80 
1-07 
0-36 



Total.. 



-23-04 



HB. 



+ 
+ 
+ 
+ 
+ 
+ 
+ 



0' 

4 

3 

3 

2 

1 

1 





36 
68 
96 
24 
52 
80 
07 
36 



BK. 


KC. 


CL. 


LD. 


DM. 


+ 0-36 - 0-36 


+ 0-36 


-0-36 +0-36 


- 4-68 


- 1-07 


+ 1*07 


-1-07 


+1*07 


- 3-96 


+ 3-96 - 3-96 


-1-80 


+ 1-80 


- 3-24 


+ 3-24 - 3-24 


+3-24 -3-24 


- 2-52 


+ 2-52 - 2-52 


+2-52 


-2-53 


- 1-80 


+ 1-80 - 1-80 


+ 1-80 


-1-80 


- 1-07 


+ 1-07 - 1-07 


+1-07 


-1-07 


1 - 0-36 


+ 0-36 


- 0-36 


+0-36 


-0-36 



M£. 



-0-36 
-1-07 
-1-80 
-2-52 
+2-52 
+ 1-80 
+ 1-07 
+0-36 



+ 17-27' -17-27 



+ 11-52 



-11-52 



+5-76 



-5-76, +0-00 



Position of 


Bars. 


load. 


EMj. 


MjD. 


DL,. 


L^C. 


CK,. 


K^B. 


BHj. 


H,A. 


H .. .. 
K .. .. 
L .. .. 
M .. .. 
Ml .. .. 
L. .. .. 

1;:: :: 


+0-36 
+ 1-07 
+ 1-80 
+2-52 
-2-52 
-1-80 
-1-07 
-0-36 


-0-36 
-1-07 
-1-80 
-2-52 
-3-24 
+ 1-80 
+ 1-07 
+ 0-36 


+0-36 
+ 1-07 
+ 1-80 
+2-52 
+3-24 
-1-80 
-1-07 
-0-36 


- 0-36 

- 1-07 

- 1-80 

- 2-52 

- 3-24 

- 3-96 
+ 1-07 
+ 0-36 


+ 0-36 
+ 1-07 
+ 1-80 
+ 2-52 
+ 3-24 
+ 3-96 

- 1-07 

- 0-36 


- 0-36 

- 107 

- 1-80 

- 2-52 

- 3-24 

- 3-96 

- 4-68 
+ 036 


+ 0-36 
+ 107 
+ 1-80 
+ 2-52 
+ 3-24 
+ 3-96 
+ 4-68 
- 0-86 


- 0-36 

- 1 07 

- 1-80 

- 2-52 

- 3-24 

- 3-96 

- 4-68 

- 5-41 


Total.. 


0-00 


-5-76 


+5-76 


-11-52 


+ 11-52 


-17-27 


+ 17-27 


-23-04 
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from a moving load, which is successively situated upon 
the points H, K, L, etc., and is equal to 5 tons at each 
point. In other words, it successively covers the portions 
Fb,Fc,Fd,Fe,F d\ F c\ F b\ F F\ of the girder in 
Fig. 44 at the rate of half a ton per foot run. 

Adding up the totals of the strains, that is, taking 
the algebraical sum of the different signs, we obtain the 
result on the supposition that the load is covering the 
whole girder. If we compare these totals with those in 
Table III. they will be found to approximate near enough 
for practical purposes, and thus to demonstrate the truth 
of the analysis. The greatest difference does not exceed 
• 16 of a ton. The object of the calculation of Table VT. 
is not, however, merely to prove the accuracy of the 
investigation, but to indicate the manner in which the 
various bars are affected. In Table III. it will be seen 
that the strains upon the bars are all of the same cha- 
racter, but in Table lY. they are subjected, according to 
the position of the load, to both descriptions of strain. 
If we take the bar H B, or B H\ which is really a strut, 
we find it has a small tensile strain, when the load is at 
A, of 0*36 tons, and B K, which is a tie, is subjected to 
a compressive strain of the same nature. Consequently, 
when the moving load is considerable, and these dif- 
ferent strains become of large amount, the bar must be 
counterbraced, that is, made of such a section as will 
resist the one strain as well as the other. It must be 
borne in mind that with a moving load, it is not any 
one particular position of it which is only to be provided 
for, but every position in which it can affect the strains 
upon the diagonals. Looking at the central bars, M E, 
E MS which under the uniform load, have no strain upon 
them, we perceive that they are subjected to a compres- 
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sive strain at one time and a tensile at another, accord- 
ingly as the load advances over the girder, and must 
therefore be of such a section and strength as will resist 
these strains. The necessity of working out a table of 
strains, in order to arrive at a correct estimate of the 
effect of a moving load upon the bars of the web, is 
now apparent. It is commonly assumed that there is no 
strain upon the central bars of the web, simply because 
that is the condition obtaining under a uniform load ; 
but Table YI. demonstrates the fallacy of all such loose 
conclusions. 

The present example only includes the case where the 
load is situated upon the bottom flange ; but, from what 
has been stated, there will not be the slightest difficulty 
in applying the same principle to the other instance, 
where the load is placed on the top. There is this differ- 
ence to be remarked in the two examples : — ^When the 
load is at the top, the strains upon both diagonals nearest 
to the load will be compressive, and tensile when it is 
upon the lower member. To render the explanation 
complete, it is necessary to construct another Table, 
showing the maximum strains of both kinds that the bars 
are subjected to. This is readily accomplished by adding 
together all the strains that have the same sign, and 
tabidating them under their respective bars. 

A reference to Table YII. will indicate, at a glance, 
the relative maximum strains that the bars in Fig. 44 
are subjected to, by the action of a passing load of 0*5 
ton per foot run. The stroke appended to the bottom of 
the letters in Fig. 44 is merely to avoid confusion, and 
will not therefore prevent their being recognised as the 
same bars as in Table III. If the load be supposed to 
advance from the opposite end of the girder, of course 

K 
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the bars will change places so far as the strains are con- 
cerned. 

Table VII. 



Bars. 



Maximum compressive 
strain in tons. 



Maximum tensile 
strain in tons. 



AH 

HB 

BK 

KG 

OL 

LD 

DM 

ME 

EMi 

DL, 
LjO 
CKi 
KjB 
BHj 
AHj 



0-00 

17 '63 
0-36 

12-95 
1-43 
8-99 
3-23 
5-75 
5-75 
3-23 
8-99 
1-43 

12-95 
0-36 

17-63 
0-00 



23 


17 
1 

12 
3 
8 
5 



04 
36 
63 
43 
95 
23 
99 
75 
5-75 
8-99 
3-23 



12- 

1 

17 





95 
43 
63 
36 



2304 



Table YII. shows that the maximum strain upon any 
bar takes place when the load covers the longer segment. 
The maximum compressive strain upon any bar that is a 
tie, takes place when the load covers the shorter segment, 
and the maximum tensile strain upon any strut under 
the same conditions. From this rule must be excepted 
the two centralbars, which will be aflfected, accordingly 
as the load is on the upper or lower flange, in a diflferent 
manner. The strains upon a lattice girder, with two or 
more systems of triangulation, resulting jfrom a moving 
load, can be calculated by the rules already given, bear- 
ing in mind, that it is only the diagonals of that par- 
ticular system, upon the apices of which the load rests, 
that are aflfected by the load. The other bars suflfer 
no strain until some of the apices belonging to their own 
system are loaded. In the present instance the moving 
load has been considered to be of greater amount than 
it really is, and the conclusion to be drawn from the 
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investigation manifestly is, that in bridges of small span, 
if the strains be calculated upon the assumption that the 
total load, live and dead, is uniformly distributed over 
the whole span, there is not much difference occasioned 
in the strains with the exception of the middle bars, 
But in practice these bars are generally of the same 
scantling as those in their immediate vicinity, and 
are therefore strong enough. The principle to be kept 
in view is, that if the permanent or dead load bear a 
very large proportion to the moving or live load, the 
effect of the latter in augmenting the maximum strains 
upon the bars will be very trifling. If, on the con- 
trary, it be small, then the moving load will consider 
ably modify the existing strains. It is a simple question 
of the preponderance of one load over the other. In 
practically designing the girder, care must be taken 
not to cut down the material too fine, especially when 
providing for the action of a moving load. This is the 
more necessary, as the strains that are calculated, are 
supposed to be simply those resulting from a load, succes- 
sively superimposed upon different parts of the girder. 
No allowance is made in the theoretical calculation for 
the violent shock, concussion, and consequent vibration 
that attend the passage of a heavy train over a bridge. 
This must be allowed fop by experience, by the intro- 
duction of such additional bracing as the skill of the 
engineer suggests. These are points which cannot be 
learned from books, but which must be the result of 
actual practical knowledge. It is for this reason that 
the calculation of strains, and the determination of the 
sectional area required, should proceed, pari passuy with 
the design and the actual drawing of the girder. It is 
not sufficient to design a structure that shall merely 

K 2 
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resist the forces to which it is subjected. The problem 
is. to design it so that it shall resist them in the best and 
most economical manner, which»can only be ensured by 
a practical knowledge of what may be termed "the 
putting together " of ironwork. It would be to little 
purpose, to give the web of a plate girder the number of 
square inches required to resist the shearing strain, unless 
it were stiffened in a manner that would allow of its being 
able to receive the strain properly. Theoretically speak- 
ing, the web might be strong enough, but practically it 
might be so weak that it would buckle up under a fourth 
of the calculated strain. 
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CHAPTER XV. 

TRUSSED GIRDER FOR SMALL SPANS. 

Having fully investigated the subject of the Warren 
girder and its multi-triangular type, the lattice, and 
given rules for determining the strains upon any part of 
them, a peculiar class of girder may be now considered, 
which is sometimes used, but which is inferior to the ex- 
amples already adduced. For small spans and for timber 
bridges it constitutes a handy arid convenient form, and is 
represented in Fig. 45. By placing the loading on the 
lower flange, the truss itself acts as a hand-rail, and the 
whole structure has a very compact and neat appearance. 
In the elevation in the figure, the thick lines represent the 
parts in compression, and the thin those in tension, and 
the annexed table gives the strains upon the different 
bars for one-half of the truss. The truss has a clear span 
of 40', a depth of 5', and the total load which is placed 
upon the bottom flange is equal to 21 tons. The distri- 
bution of this load will be as follows : — At the points D 
and D^ there will be 7 tons, and 3 • 5 tons will be sup- 
posed to rest directly upon the abutments. The weight 
of 7 tons at D will manifestly, in the first instance, be 
borne altogether by the vertical tie D B, and transferred 
to the point B, where, upon the principle of the lever, a 
portion of it will be conveyed to the abutment at A, and 
another portion to that at A\ The respective portions 

14 7 
will be — and 5 . The first of these will produce com- 
3 3 
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pressive strains in the upper flange B C, and in the dia- 
gonal B A, and tensile strains in the vertical B D, and 
in the parts of the lower flange A D and D C. Similarly, 
the latter portion of the weight will compress the parts 
B J)\ B' 0, and B^ A\ and stretch C J)\ B' B\ and A^ 
D\ An analogous action arises from the weight of 7 
tons situated at D\ and the sum of the two gives the 
total strain upon the various members of the truss. 
These strains are tabulated in Table VIII. 

Table Vm. 



Welsht at 


Ban. 




AB. 


AD. 


BC. 


BD^ 


BD. 


DC. 


DB». 


- 1 

D> 


+13-40 
+ '6-70 


-12-60 
- '6-30 


+12-60 
+ 6-30 


+6-70 

• • 


-7 
-'2-3 


-12-60 
-1*2 -60 


• • 

+6-70 




+20-10 


-18-90 


+18-90 


+6-70 


-9-3 


-25-20 


+6-70 



The strain upon the bar AB may be checked by 

W 

calculation. It is known to be equal to 7^-: — ^. To 

Z sin. (7 

BD 

find 6y or the angle BAD, we have tang. = -j-=i » 

or log. tang. = log. 5 — log. 13*333 + 10. Solving, 

log. tang 0= 9 • 574021, and 0= 20° 33". Consequently 

7 7 

the strain upon A B = - — ^ =-pr^^i7^ = 19 • 94 tons, 

^ sin. 0*35102 

which is a sufficient approximation to the result obtained 

by the geometrical process. The dotted lines represent 

the hand-rail, which has nothing to do with the truss, 

theoretically considered. If B D, or B^ D^, were made 

struts instead of ties, and the load placed upon the top, 

then the diagonals, B D^ and B^ D, would be in tension 

instead of compression. Moreover, if the dotted lines 
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D F and D^ P^ were ties under the same circumstances, 
so that the form of the truss was represented by 
F, F\ J)\ D, then with a load 
only at B, there would be no 
strain upon the diagonal BD\ 
But if there be a load of 
7 tons upon* B and B\ and the 
strains be worked out for the 
truss represented by F, F\ 
DS D, they will be found to 
be equal in amount to those 
already obtained for the truss 
ABB^AS although of an 
opposite character for the cor- 
responding bars. The strains 
upon the flanges will be the 
same, both in amount and 
character, and they will be a 
maximum in all cases when ^ 
the truss is uniformly loaded. 
The maximum strain that the 
truss will undergo, will depend 
upon the position of the load, 
both with respect to the flanges 
and the distance from the 
abutments. In the present in- 
stance, if the load were placed 
upon the top member — that is, 
upon B and B\ and both B, 
D and B^, D^ were ties, then 
either would undergo its maxi- 
mum strain, when it was itself 
free from load, and the other 
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apex loaded. If the load were placed on the lower 
member under similar circumstances, then the maximum 
strain would take place when both apices were loaded. 
Supposing B, D and B\ D^ to be struts, the conditions 
of the maximum strains are exactly reversed under the 
same methods of loading. It would not make any- 
material diflference in a span so small as 40', so far as the 
strains are concerned, which form of truss was employed, 
but there might be a slight gain by making the bars 
B D and B^ D^ struts instead of ties. In that case, the 
truss would take the shape of F F^, D^ D, and all the 
diagonals would be ties. The truss in Fig. 45 is suitable 
for either a uniformly distributed or a moving load, as 
the diagonals intersecting each other at the centre of the 
truss are counterbraced, and can act either as struts or 
ties as the position of the load may demand. The 
strains in Table YIII. are those upon one-half of the 
truss, resulting from the combined action of the two 
weights situated at the points D and D\ The strains 
upon the other half are precisely similar, but the action 
of the weights will be reversed. The weight at D 
produces the greater strains upon the half of the truss, 
as shown in Table YIII., and that at D^ the lesser. These 
conditions are reversed upon the other half of the truss. 

The strains upon the other bars in the truss in Fig. 45 
may be easily obtained by calculation, when once the 
angle of inclination of the diagonals with the horizon 
has been calculated. Thus the strain upon B C or A D 
is equal to the strain upon B D x cotangent of 20° 33', 
equal to 7 x 2*676 = 18*73, or practically the same 
result as given in Table VIII. The strain upon each of the 
central braces B D^, B^ D, will be equal to the vertical 
component of their load, multiplied by the cosecant of 
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their angle of inclination to the horizontal. Their ver- 
tical load is |, or 2 • 66 tons, and the angle is the same 
as for the strut A B. The strain equals | x cosecant 
20° 33', equals 2 • 66 x 2 • 85 = 6 • 64 tons. 
The additional strain upon D C, the 
centre part of the tie, is due to the strain 
upon the central brace, which is repeated 
twice upon D C, between the centre and 
the abutment. 

There is another description of girder 
which, although inferior to the regular 
lattice, is nevertheless used a good deal, 
especially in timber work. The general 
type is represented in Fig. 46, but there 
are one or two varieties. In some there 
are but one set of diagonals and in others 
two, and they vary in their duty as struts ^ 
and ties. A distinction must be made ^ 
between this type of girder, in which any ^ 
upright, a 6, really acts as a'strut or tie, 
and uprights similar to those in the rail- 
way bridge over the Thames at Charing 
Cross, which are not of the slightest 
use whatever, and may be regarded as 
so much waste of material. It is optional, 
in the example represeated in Fig. 46, 
to make the verticals struts, and the 
diagonals ties, or to reverse that arrange- 
ment. On the argument solely, that the 
shorter members should be those sub- 
jected to a strain of compression, it 
would appear that the verticals should 
be made to act as struts. There are, 
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however, other reasons which render this rule of little 
value except as a guide. Besides, in the case in 
question, the diagonals, in consequence of their intersect- 
ing half-way, are really shorter than the verticals ; for 
although no strain is supposed to be developed at the 
intersections, yet it is obvious that a bar could not 
deflect laterally at that point. The investigation of this 
form of girder will complete the examples of the straight 
girder principle. 
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CHAPTER XVL 

GIRDER WITH VERTICAL STRUTS. 

Another type of girder deserving investigation is that 
represented in Fig. 47, in which the verticals are struts 
and the diagonal bars ties. It will be seen hereafter, that 
this system of bracing is only adapted for a fixed load 
situated at the centre, and that to render it fitted for the 
purpose of carrying a movable load, it is necessary to in- 
troduce certain modifications, which demonstrate at once 
that it is preferable to use the lattice form instead. As, 
however, the girder shown in half elevation in Fig. 47 is 
frequently employed, a general analysis of the strains to 
which its various parts are subjected, is necessary to the 
subject. The span of the girder is 80', and the depth and 
rate of loading similar to those, adopted in the examples 
of the Warren and lattice girders already investigated. By 
maintaining these data constant, the diflference between dis- 
similar types of braced girders will be the more apparent, 
and, moreover, as with these data, some of the strains are 
also constant, the one calculation and Tables of strains act 
in some measure as a check upon the other. In addition 
to these reasons, the student and intended engineer cannot 
familiarise himself too much with different forms of iron 
construction. It not unfrequently happens in the course 
of his practice, that the circumstances of the case demand 
the adoption of very peculiar structural shapes, and unless 
he is thoroughly well acquainted with the manner in 
which strains act, he will have great difficulty in designing 
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the form scientifically and economically. In Fig. 47, the 
girder is loaded upon the top flange at the rate of half 

*^g---_. a ton per foot run. Con- 
sequently there will be 
a distribution of the load 
at the apices of the tri- 
angles as follows: — At 
each apex from B to H, 
there will be a weight of 
2 • 5 tons, at A a weight 
of 1 • 25 tons, and at K a 
weight of 1 • 25 tons. The 
total weight at K is 
2*5 tons, but as it is 
only necessary to consi- 
der half the girder, we are 
only concerned with half 
the weight placed on the 
central strut. Frequently, 
in deducing the strains 
belonging to an example 
like the one in question, 
it is sufficient to assume 
the weight distributed 
equally over the apices, 
and thus take 2*5 tons 
as the load upon each 
apex from B to K. But 
5< as the instances where 
this latitude may be in- 
dulged in, and where it 
ought not, must be left to the judgment of the engineer, 
it is better in all cases to adopt the strictly accurate 
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plan. Another reason for adhering to accuracy in gra- 
phical analysis is, that as small errors will creep in, 
and gradually accumulate in spite of every care, the 
results will not check with those of calculation, if the 
correct data be not rigidly followed throughout. 

An examination of Fig. 47 will readily demonstrate 
that the strains upon the different parts are very easily 
arrived at. The weight upon the strut K is 1*25 tons. 
Make this equal to K^ a, and draw a h parallel to the 
bottom flange. K^ b is the strain upon the diagonal H K\ 
and a b that upon the bottom flange due to the weight 
upon the apex K. These strains are transferred through- 
out the whole of the bracing to the abutment A^ causing 
strains upon both the web and flanges in their passage. 
Since the weight at H is double that at K, the strains 
will be also double. Make W d — 2*5 tons, draw d e 
parallel to the top flange, and the respective strains can 
be measured off as before. In like manner all the remain- 
ing weights may be disposed of, and the sum of the strains 
at any particular point will give, the total strain there. 
The strain upon any one of the vertical bars, is identical 
with the shearing strain at the corresponding point of the 
web of a plate girder, and is equal to the sum of the 
weights situated between it and the centre of the girder. 
If W be the rate of loading per foot run, and y the dis- 
tance of the bar from the centre, then the shearing strain 
equals W x y. If N be the number of units of weight, 
upon all the apices, between any given vertical and the 
centre, and W the unit of weight, then S = W x 



(^)- 



This rule applies to all the verticals except 



W 

the last. The strain upon that bar is always equal to -y 
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where W represents the total yeight upon the whole 
girder. ' ^^^ 

Another useful fact to l3ear in mind is, that assuming 
the weight upon the central apex to be the unit, the strains 
upon the vertical bars lying between it land the end of 
the girder, follow the series of the oddyjaimbers. The last 
bar is an exception to the rule, as will be seen. Thus, 
the strain upon the bar F F^ is equal to 1 ' 25 x 7 = 8 • 75 
tons, that upon B B^ = 1-25 x 15 = 18-75 tons; but 
that upon A A* does not follow the law of the odd 
numbers, but is equal to 1' 25 x 16= 20*0 tons. 
Had there been no weight upon A A\ but an equal 
weight of 2 ' 5 upon every other apex, then the strains 
would have followed the law of the natural numbers. 
Similarly, the strains upon the diagonal bars are equal to 
those upon the verticals, resolved in the direction of 
their length. This may be easily shown. In Fig. 47, 
the strain upon the diagonal H K^ equals by scale K^ b 
= 1 • 43 tons, and that upon the end diagonal equals by- 
summation, 1*43 X 15 = 21*45 tons. This ought to 
equal the strain upon the vertical B B^ resolved in the 
direction of A B\ Let & = strain upon A B^, and S 
that upon B B^, then by the resolution of right-angled 
triangles, putting for the inclination of the diagonal to the 
horizontal S^ = S x cosecant 0. To find the value of 

. ^ . BB^ 8-666 ,. ^^o 
we have tang. = -^-^ = — r — . and = 60''. 

Solving the equations, the strain S^ = 21 • 64 tons, 
which agrees near enough for all practical purposes with 
the former result. By a similar method of proceeding, 
the strains upon the flanges may be arrived at. Taking 
the upper flange for example, the value of ab represents 
the strain resulting from the action of the weight at K, 
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and d e that due to t]i$ weight at H. The total strain 
upon the Qc^iitral bar H'K of the flange is obtained by a 
summation 6t these strains. Thus the strain a 6 = • 72 
tons is repeated by every pull of the diagonals on the 
apices, and as tjiese pulls or tensile strains are all referred 
to the centre of tie girder, the total strain resulting on 
the central bar EC K from the action of the weight of 
1 • 25 tons at K is equal to 8 x • 72 tons = 5-76 tons. 
If the strain d ^ = 1 ' 44 tons, be now considered, it will 
be found that the number of times it is repeated by 
the action of all the weights at the apices, with the ex- 
ception of that at A, and transferred to the central bar 
H K, is 7 + 6 + 5 + 4+3 + 2 + 1. Consequently 
the strain upon H K, resulting from these weights is 
equal to 1-44 x (7 + 6 + 5 + 4 + 3 + 2 +1) = 1-44 
X 28 = 40 • 32 tons, and the total strain upon the central 
bar H K equals 5 • 76 + 40 • 32 = 46 • 08 tons. On refer- 
ring to the former chapters, where the examples of the 
Warren and lattice girders are investigated, the agree- 
ment between the strains there calculated, and the 
present will be found to be very close. It follows from 
this investigation, that so long as certain data are main- 
tained constant, the description of bracing employed has 
no influence whatever upon the strains upon the flanges. 
The question that will naturally present itself here for 
examination is— are the strains upon the flanges of a 
plate and lattice girder identical, so long aa the loading, 
span, and depth are constant ? In practice it is usually 
assumed that they are so, but there is no doubt that the 
continuous web of a plate girder does relieve the flanges 
of some portion of their strain. The advocates of the 
solid-sided principle have estimated this relief to be as 
much as one-sixth of the total strain, but this is doubtful. 
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Moreover, in the uncertain state of oar knowledge, re- 
specting the manner in which the strains do act in a con- 
tinuous^ web, it would not be safe to lighten the flanges 
of a plate girder on the above supposition. The relation 
that exists between the web and the flanges with respect 
to their mutual straining forces, will be more clearly- 
perceived when the bowstring girder is treated o^ and 
other forms in which the flanges assume a curved shape. 
It has been stated that the girder represented in 
Fig. 47, is not adapted for the support of any, but a fixed 
load situated at the centre. A little consideration will 
demonstrate this. Suppose the girder uniformly loaded, 
and let us take the weight at the apex 0. This weight, 
by the laws of the lever, should be transferred to each 
abutment in portions, having an inverse ratio to their 
distance from those abutments. The weight com- 
presses the vertical bar C C^ but when it reaches the 
point CS there is only one tie C B, to receive it, so that 
it must all go to the near abutment. In order, there- 
fore, to render the girder in Fig. 47 capable of support- 
ing a uniformly distributed or movable load, the ties 
shown by the dotted lines must be inserted. This is not 
an economical method of construction. It is clear that 
when the web of a girder is constructed in this manner, 
there are three sets of bars required instead of two, as 
in the lattice system. It is optional in this kind of 
girder, to make the verticals act as ties and the diagonals 
as struts, or to make them all capable of acting both as 
struts and ties. When the design becomes complicated 
to this extent, it is difficult to determine precisely how 
the strains act. There are so many ways by which the 
load may be ultimately transferred to the abutment, that 
no particular one can be selected as the certain route. 



GIRDER Wll^ VERTICAL STRUTS.- ' 145 

As may be expected, there is a manifest waste of 
material in examples of this kind. Under certain con- 
ditions of loading, some of the bans undergo no strain, 
and as there are three sets of bars, one vertical and two 
diagonal, it is easy to see that they are never all under- 
going strain at the same time. Moreover, it appears 
somewhat superfluous to introduce three sets of bars, 
when two are sufficient to answer every purpose of both 
a dead and a live load. With a weight only at C in 
Fig. 47, there will be no strain upon the bars C D^ or 
C B\ Generally speaking, when there are two series of 
diagonal bars, if we take a weight, /for instance, at 
only, there will be no strain upon any of the diagonal 
bars lying between that point and the centre of the 
girder, which slope downwards towards the centre. 
Neither will there be any strain upon the diagonal bars 
situated between the same point and the near abutment, 
which likewise slope downwards to that abutment. 
Under the conditions of a moving load, there are conse- 
quently continually some of the diagonals free from strain, 
the number depending altogether upon the position of 
the load. This is only what would be expected, from the 
somewhat similar circumstances attending the strains 
upon a lattice girder, when the load is of a variable 
character. If two designs be taken out in accordance 
with the requirements of the similar data of span, depth, 
and load, the lattice girder will be found to be more 
economical than any modifications of the example given 
in Fig. 47. There are one or two more specimens of the 
straight girder principle, but they are so rarely used that 
we shall not investigate them, more especially as they 
belong to an obsolete age of construction which has 
passed away. The class of girders that next claims our 

L 
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attention is that in which one or both flanges are curved. 
Of these the purest type is the bow and string, but there 
are numerous combinations and crosses, as they might be 
termed, between it and the lattice proper, which will be 
subsequently investigated. 




/.--- 
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CHAPTER XYII. 



THE BOWSTRING GIRDER. 



The calculation of the strains upon the various parts of 
girders which have one or both of their flanges curved, is 
rather more complicated than that belonging to the class 
of structures we have been hitherto considering, in which 
both flanges afe horizontal. This is chiefly owing to the 
continual alteration of the angle of inclination of the 
curved flange, as well as of the diagonal bars in the web. 
In addition, by reason of its form, the girder entrenches 
upon principles which do not prevail in the horizontal 
type of construction. It was found that the rule in 
straight girders, indicated a varying strain throughout 
the flanges, diminishing from a maximum at the centre 
to zero at the ends. The reverse took place in the web, 
except under special conditions of loading. With a uni- 
formly distributed load, the diagonal bars underwent a 
minimum strain at the centre, equal to zero, and a maxi- 
mum at the ends, the amount of the latter being invari- 
ably equal to half the total load upon the girder, 
multiplied by the cosecant of the angle of the inclination 
of the bar to the horizon. These conditions do not pre- 
vail in the class of girders we are about to investigate ; 
in fact, they are almost completely reversed. In the 
flanges they become nearly uniformly equal throughout 
the whole length of the girder, and the maximum strains 
of compression and tension occur in the bars situated not 
near the ends, but at the centre of the span. In Fig. 48 

L 2 
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is represented a bowstring girder, with a Warren, or 
single system of triangular bracing. The span is 40', 
the depth at the centre 5 ft., and the rate of loading one 
ton per foot run upon the bottom flange. It is required 
to find the strains upon the flanges and web, under all 
conditions of loading. In this case it is better to take 
out the strains for each weight in succession^ as the addi- 
tions and subtraction of those of different sign, will deter- 
mine the strains at once for a uniform load. When it is 
only necessary to ascertain the strains for a uniform load- 
ing, there is a readier and simpler meana of arriving at 
them; but in the case of a large girder it would be 
necessary to follow the course we are about to adopt. 
The load at each apex, referring to the diagram, will 
consequently be equal to 5 tons, and, upon the principle 
of the lever, this will be transferred to each abutment, in 
portions in the inverse ratio of their corresponding dis- 
tances. Let us commence with the 5 tons at the apex 

F'. Of this weight, — ^— = 4*375 tons will be trans- 

o 

ferred to the abutment A', and the rest, or 0*625 tons, 
conveved to A. It is with this latter weight we are at 
present concerned, as it represents the vertical reaction 
at A. It is finally conveyed to the abutment by the 
portion of the upper flange represented by A B, and on 
arriving at A, is resisted by the whole of the lower flange 
in general, and by the last bar of it, A F, in particular. 
The first step is to produce all the separate bars A B, 
B C, C D, D E, E E' of the upper flange to any convenient 
length, as shown in Fig. 48. Although, practically, the 
curve of the upper flange is an arc of a circle, yet for all 
the purposes of calculating the strains it is regarded as a 
polygon, the sides of which are obtained by joining, by a 
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straight line or cord, the respective apices of the triangles.. 
The scale upon which Fig. 48 is drawn is almost too 
small to indicate the diflFerence, but the left-hand half of 
the upper flange is shown as a polygon, while the right 
half is an arc of a circle. Where an approximate method, 
by the usual formula for horizontal girders, is employed 
for determining the strains upon the bow and the string, 
the upper curve is considered to be a parabola. 

The weight of • 625 tons being the vertical reaction at 
A, make A a equal to it upon any convenient scale, and 
draw ah\o meet A B produced, a b and A b will equal 
the strains upon A F and A B, due to the portion of the 
weight at F', which is conveyed to A. Before proceed- 
ing with the determination of the strains, Tables should be 
arranged,similar to Tables I^., X., and XL, for the purpose 
of tabulating them as they are progressively obtained from 
the diagram. The strains upon B C, B F, and F H are 
now required. Upon A B produced lay off B <? = A 6, 
draw c d parallel to B F to meet B C produced ; B c' is 
the strain upon B C, and c d that upon the bar B F, the 
former being compressive and the latter tensile. If c d 
be now laid off upon the bar B F, and c d drawn parallel 
to the lower flange, then c d will equal the strain upon 
F H, and F d that upon the bar F C. The total strain 
upon F H will equal ab + c d^ and must be tabulated 
accordingly. The strains upon C D and C H may be 
obtained from those already found for B C and F 0, 
and there are two methods of determining them. They 
may be deduced by taking the strains upon B and F 
separately, and resolving them in the directions of D 
and C H, or by first finding the resultant of the former 
strains, and then completing the parallelogram of forces. 
In a former chapter the identity of these two methods, 
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which is self-evident, was shown in a diagram. To find 
the strains upon C D and H, plot off upon B produced, 
tiie length C ^' = B c\ and from d draw e^f parallel to F c 
and equal Fd. A line drawn from C to /' would represent 
the resultant of the strains in B C and F 0. From the 
point /' draw / g' parallel to C H, and C g' represents the 
strain upon C D, and /' g' that of tension upon H. 
Making lS.f—f^y draw fg parallel to the lower flange, 
and / g gives the strain upon H K, and H g that upon 
the bar H D. The total strain upon H K equals, conse- 
quently, ab + cd+fg. The determination of the 
strains upon the remaining bars, due to the reaction of a 
weight of • 625 tons at A, is merely a repetition of the 
method already described, and is shown in the figure by 
the dotted lines. The action of the weight at F' is now 
accounted for, and we may proceed to consider that of 
the next 5 tons placed at H'. The portion of this 
weight that is transferred to the abutment A is equal to 
1*25 tons, or exactly double that resultiug from the 
action of the weight at F'. The effect of its reaction at 
A will therefore be just double that of the former weight, 
and it only remains to double the strains already arrived 
at, and register them in the Tables. Similarly, for the 
weights situated at the apices K' and L, all that is neces- 
sary is to multiply the strains already found for the 
weight at F' by three and four, and we have those for 
these two other weights. No sooner do we come to the 
weights situated at the apices upon the other side of the 
centre of the girder, than this rule no longer holds for all 
the parts of the flanges and web. To consider the flanges 
first, and the weight at K. This weight, since its reac- 
tion at the abutment is five times that of the weight at F', 
will affect the upper flange from A to E, and the lower 
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from A to K, to five times the extent of that weight, and 
the strains can be inserted in the Table, upon those parts 
of the flanges situated within these limits. The strains 
upon E E' may, however, be readily arrived at by inspec- 
tion, as it is evident that the weight at K, aflFects these 
parts of the girder to precisely the same extent as that at 
K', the corresponding apex upon the opposite half of the 
girder. The strains upon the central portion E E' of 
the upper flange may be at once written down, since the 
remaining strains from the weights H and F equal those 
already found for those at H' and F'. All the strains 
upon the central part E E' of the upper flange have been 
now calculated ; it remains to determine those upon the 
remaining parts of both upper and lower flange, and upon 
the diagonals in the web. The effect of the weight at H 
has now to be considered. The strains upon A B, B C, 
and C D, are obtained, as already explained, by simply 
multiplying by six, the strains upon those members, diie 
to the reaction of the weight at F', and therefore there 
remains to be determined the strain upon D E, due to the 
weight at H. This strain is twice that due to the weight 
at F, so that if this be first determined, the other is also 
a known quantity. Draw E A' ; from E lay off E a = 
0*625 tons = the reaction at A' of the weight at F. 
Draw a a! horizontal, and a' V parallel to D E ; then a! V 
is the strain upon D E from the weight at F, and twice 
this equals the strain required. It only remains now to 
account for the strains upon A B, B C, and C D, from 
the weight at F, to complete all the strains upon the 
upper flange. Those upon A B, B C, are respectively 
equal to seven times those found for the weight at F' ; to 
obtain that at C D, we proceed as before for D E. Draw 
D A' ; plot D jt? as before * 625 tons ; make jt? /?' horizon- 



152 CONSTRUCTION. 

tal, and draw / H parallel to C D, then / H equals strain 
upon C D, which may be inserted in the Table, thus 
completing the strains upon the upper flange. The strains 
required upon the lower flange are those upon K L, due 
to the weights at K, H, and F ; those upon H K and 
F H due to the weights at F and H ; and that upon F H 
due to that at F. If we find the strain upon K L due to 
the weight at F, those due to the weights at H and K 
will be respectively twice and three times the amount 
This strain upon K L, due to the load at F, is equal to 
. the line a a! in the diagram, and therefore the others are 
also known. Similarly, the line pp^ is equal to the strain 
upon H K from the load at F, and twice this is the strain 
upon the same part from the weight at H. Lastly, the 
strain upon F H, due to the weight at F, may be deter- 
mined by drawing the resultant C A' and proceeding as 
before. This last resolution of the forces is not given in 
the diagram, as it would confuse it too much ; but it is 
precisely similar to that already performed at the apices 
D and E. The remaining strains upon the bars present 
no difficulty. Those brought upon E L by the weights 
upon one side of the centre of the girder, are equal to 
those produced by the weight upon the corresponding 
apices on the other half. To determine the strains upon 
the other bars it is only necessary to find that due to the 
weight at F, and the others are all multipliers of it. For 
the bar E K this strain is equal to E 6' ; and it may be 
found for all the others in a similar manner. 

To ascertain the strains upon the various bars under 
the condition of a uniform load, it is only necessary to 
subtract the separate plus and minus strains, and the 
total will give the desired information. If a third Table 
be composed with the strains of the same character 
added together, then the maximum strain upon any bar 
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will be apparent, no matter what the condition of loading 
may be. This is shown in Table IX. 



Table IX. 



BF .. .. 

FO .. .. 

OH .. .. 

HD .. .. 

DK .. .. 

KB .. .. 

EL .. ,, 



Maxlmnm 


Mazimnm 


compression. 


tension. 


• • 


5-60 


2-31 


5-70 


2-40 


6-09 


4-05 


6-30 


3-60 


6-30 


3-92 


6-60 


4-44 


7-28 



Instead of taking out the strains in the manner de- 
scribed in the diagram, by prolonging the various parts 
of the upper flange, they may be all equally arrived at 
by the other method, that is, by drawing lines from each 
apex to one of the abutments, plotting upon a vertical 
line that portion of any weight which is transferred to 
the abutment by that line, and resolving it in the direc- 
tions of those parts of the girder, which it affects. When 
this method is adopted, it is only necessary to follow the 
action of the weight at the apex F or F', throughout the 
whole of the girder, as from it all the other strains can 
be determined. By this method the strains upon the 
parts of the upper flange are well checked, insomuch as 
the strain upon each separate part is twice determined, 
as will be seen from the diagram in Fig. 49. Suppose 
that we are following the action of that portion of the 
weight at F which is transferred to the abutment A', 
and have arrived at any particular apex A. Let A M 
represent the direction of the resultant at A, or the line 
joining the apex A with the point A' in Fig. 48. Make 
A a = that portion of the weight conveyed to the abut- 
ment at A'. Draw a b horizontal and h e parallel to 
A Cy then a b equals the strain upon the E B; 6 ^ that 
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upon the top flange A C, and A e that upon the bar A B. 
The next point is to determine the strain due to the 

A Fig. 49. 






same weight upon the upper flange C F, the lower B D, 
and the bars C B and C I). Make C a = A a, and pro- 
ceed as before, first drawing N to represent the line 
of transmitted pressure. Then a d equals the strain 
upon B D, cZ ^ that upon C F, C c?' that upon C B, and 
C h that upon C D. But to obtain the strain c d! upon 
the bar B, it is necessary to draw the line d d' parallel 
to A C. This line also represents the strain upon A 0, 
and consequently d d'=b e. It is thus plain that know- 
ing the vertical component of the strain at any apex, we 
can determine the strain upon the two bars meeting at 
that point, and also that upon the two separate parts of 
the upper flanges, also meeting the bars at the same 
apex. Another advantage of this method is that it gives 
the strain upon the dififerent parts of the lower flange at 
once, without the necessity of adding continual incre- 
ments to those already obtained. A reference to Fig. 48 
and the accompanying Tables, demonstrates that under 
a uniform load, the strains upon the bars of the web are 
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very small, and also nearly uniform, if we except the 
end bar. The reason of the strain upon it being so much 
in excess of those upon the other bars, is due to the fact 
that it is only acted upon by a tensile strain, and has 
no counterbalancing and neutralizing strain of com- 
pression brought upon it, as is the case with the other 
bars. The maximum tension and compression upon any 
bar may be obtained at once by the diagram. Thus, to 
find the maximum compression upon the bar E L, all 
that is necessary is, to make E a equal the sum of those 
portions of the weights, situated at the apices between it 
and the abutment A, that are transferred to A', and pro- 
ceed, as already described. It can also be arrived at 
by estimation, for the sum of the weights acting upon the 
bar E L will equal 1 + 2 + 3, multiplied by the transferred 
portions of the weight at F. Eeferring to Table XI., 
the compressive strain upon E L due to the weight at F 
is 0*74. The maximum compressive strain is, there- 
fore, l + 2 + 3 = 6x0-74=4-44 tons, which should 
tally with the result arrived at, by computing the same 
strain by the algebraical addition of all the separate ones 
upon the same bar. Although the method by mathe- 
matical analysis is not well suited to this description 
of girder, yet the principal calculations by the graphical 
process can be checked sufficiently readily to prove the 
identity of the two methods. 

Table X. 



Weight 


Farts of the Flange. 


at 


AB. 


BC. 


CD. 


DR 


EE'. 


AF. 


FH. 


HK. KL. 


F' .. .. 
H'.. .. 
K' . . . . 
L .. .. 
K .. .. 
H .. .. 
F .. .. 


+ 1-38 
+ 2Y6 
+ 4-14 
+ 5-62 

+ 6-90 
+ 8-28 
+ 9-66 


+ 1-51 
+ 3-02 
+ 4-53 
+ 6-04 
+ 7-55 
+ 9*06 
+ 10-57 


+ 1-70 
+ 3-40 
+ 5-10 
+ 6*80 
+ 8*50 
+ 10*20 
+ 5*10 


+ 1*95 
+ 3*90 
+ 5*85 
+ 7-80 
+ 9*75 
+ 6-80 
+ 3-40 


+ 2-45 
+ 4*90 
+ 7*35 
+ 9*80 
+ 7*35 
+ 4*90 
+ 2*45 


- 1*22 
~ 2*44 

- 3*66 

- 4*88 

- 6*10 

- 7*32 

- 8*54 


- 1*48 

- 2*96 

- 4*44 

- 5*92 

- 7*40 

- 8*88 

- 6*45 


- 1*83 

- 3*66 

- 6*49 

- 7*32 

- 9*15 

- 7*80 

- 3*90 


- 2*35 

- 4*70 

- 7*05 

- 9*40 

- 8*45 

- 5*60 

- 2*80 


Total.. 


+ 38-64 


+ 42-28 


+ 40*80 


+39*45 


+39*20 


-34-16 


-37*63 


-39*15 


-40*35 
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Table XI. 









Ban of the Web. 






Weight at 
















■ 












BF. 


FC. 


CH. 


HD. 


DK. 


KE. 


EL. 


F .. .. 


-0-20 


+011 


-0-29 


+0-27 


-0-42 


+0-40 


-0-74 


H' .. .. 


-0-40 


+0-22 


-0-58 


+0-54 


-0-84 


+0-80 


-1-48 


K' .. .. 


-OCO 


+0-33 


-0-87 


+0-81 


-1-26 


+ 112 


-2-22 


L .. .. 


-0-80 


+0-44 


-1-16 


+ 108 


-1-68 


+1-60 


-2-84 


K .. .. 


-100 


+0-55 


-1-45 


+1-35 


-2 10 


-3-30 


+2-22 


H .. .. 


-1-20 


+0-66 


-1-74 


-4-2 


+2-4 


-2-20 


+ 1-40 


F .. .. 


-1-40 


-5-70 


+ 2-4 


-21 


+ 1-2 


-1-10 


+0-74 


Total .. 


-5-60 


-3-39 


-3-69 


-2-25 


-2-70 


-2-68 


-2-84 



This investigation respecting the strains upon a bow- 
string girder, demonstrates that the result of curving the 
top flange of a girder, is to relieve the web of a portion 
of the shearing strain, which, in a horizontal girder, it 
resists alone. Consequently, if the curvature of the top 
flange be increased, until it assumes the form of a para- 
bolic arc, it takes the whole shearing strain, and there is 
none whatever on the web. The curving of the upper 
flange, therefore, tends to produce a more equable distri- 
bution of strain upon it — that is, to increase the strains 
towards the ends. The strain upon the flanges at the 
centre of a bowstring girder, is the same as that upon 
those of a horizontal girder, and is given by the formula 

W X L 

S = ^ p. • Applying this to the last example, the 

strain upon the central part of the upper and lower 
flanges is equal to ^ ;^ = 40 tons. Upon referring 

to the Tables of strains, this will be found to agree very 
closely with the result arrived at by the graphical 
method. If the elevation of the girder were a perfect 
parabola, and the load uniformly distributed over it, the 
central strain would be constant throughout both the bow 
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and the string, or the upper and lower flanges, and there 
would thus be a very simple rule for determining the area 
of those parts. In the small example investigated, there 
would be no practical error introduced, by assuming the 
strains constant upon the bow and string, and therefore the 
sectional area would be constant likewise. A still nearer 
approach to the truth of this calculation will i)e afforded, 
in those examples in which the web consists simply of 
tie rods, which transitiit the weight from the string to the 
bow. In this case there is a slight increase of strain 
towards the springing of the curve, which, in bridges of 
small span, may be neglected. Where the web consists 
solely of vertical rods, the strain upon each is exactly 
equal to the share of the load it bears, and is uniform 
upon all of them. There is thus a great difference be- 
tween the manner in which the stmns are transferred in 
a bowstring, and in a horizontal girder. In the latter the 
strains upon the bars of the web are augmentative, each 
bar nearer to the abutment having to sustain not only its 
own share of the load, but also those portions whiqh are 
carried by its fellows and are transferred to it. With a 
load uniformly distributed over the girder, the starting 
or datum point of the transference commences at the 
centre; but in the case of a movable load, from the 
end of the segment covered by the load. The usual 
form of the web of a bowstring girder consists of vertical 
uprights, acting as suspension rods, and diagonal bracing, 
which is introduced for the purpose of stiflFening it, and 
also to counterbalance the eflFect of a moving load. A 
preferable form is that in which there are no vertical 
bars whatever in the web, but in which the web is simply 
a diagonal lattice, the number of series of triangles de- 
pending upon the size of the girder. The same objection 
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that is to be found against the introduction of both ver- 
tical and diagonal bracing in horizontal girders, holds in 
the instance of those of the bowstring type. With a fixed 
load uniformly distributed there is no absolute necessity 
for any but vertical ties, and when the girder is under 
conditions similar to those obtaining in a railway bridge, 
the web can be more economically arranged, solely upon 
the lattice system. 
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CHAPTER XVIII. 

ROOF TRUSSES, SIMPLEST FORM. 

The great importance to an engineer of a thorough ac- 
quaintance with those forms of iron trussed girders, 
which are generally adopted in the case of roofs, is 
demonstrated by the increasing favour with which they 
are regarded by the profession, and their employment, on 
a large scale, for railway stations and buildings, in situa- 
tions in which a lofty roof, combined with an unbroken 
area underneath, are indispensable qualifications. It is, 
however, not only in large examples that iron roofs are 
met with, but from the economical manner in which the 
bracing can be adjusted, to suit the strains brought upon 
the various bars, they are equally well adapted for very 
moderate spans. The simplest case is that represented 
in Fig. 50, and the strain upon the different members, 
will be ascertained and tabulated, in a manner similar 
to that employed for the girders in previous chapters. 
It is an ordinary king-roof principal, and answers well for 
small spans. In the figure the span is 20', the rise 5', and 
the total weight upon the whole principal is taken equal 
to two tons, so that one ton will be the load distributed 
over one-half of it. The same conditions will be assumed 
with respect to roofs as have been already laid down for 
bridges, and it will be always considered that the com- 
ponent parts of the structure are strained only in the 
direction of their length. The component parts of all 
the examples of roofs, which will be investigated, will be 
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assumed to be anacted upon by any others trains except 
those already mentioned, and will virtually be secured 
against their influ- 
ence, either by 
their short length, 
bracing, or form of 
section. Before pro- 
ceeding to the 
graphical analysis 
of the strains upon 
the diagram, the 
first step is to as- 
certain the nuuiner 
in which the load is 
distributed. With 
one ton upon the 
half trass there will 
be 0'25 tons sup- 
ported directly at 
A, by the reaction 
of the supports, 
and will practically 
exert no effect upon 
any partof the prin- 
cipal: 0-25 tons at 
the apex C, which 
is resisted by the 
counteraction of 
0*25 tons, due to 
the load upon the other half of the truss, making in 
all 0-5 tons at the point C, and 0-25-|-0-25 = 0-5 at 
the point D. As we are only considering half the prin- 
cipal, the load at the apex C will be taken equal to 
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0*25 tons, or one-half of that which is supported at that 
point by the joint action of the two rafters. The distri- 
bution, therefore, will be as follows : — A quarter of a ton 
at A and C, and half a ton at D. Sometimes the whole 
load on one rafter is considered to be equally divided 
among all the points of supports, in which case there 
would be one-third of a ton at A, D, and C. The former 
method is to be preferred as the more accurate, and 
it will always be adhered to in all similar instances. 
Moreover, in making the assumption that the weight is 
equally distributed, there is a larger portion borne 
directly by the support at A than upon the former sup- 
position; and as this is considered to exert no strain 
upon the truss, it should evidently be kept as small as 
possible. Let us now examine in detail the action of 
the weight of the several points upon the rafter, and de- 
termine the strains they give rise to in the various parts 
of the semi-truss. 

The weight at A is resisted directly by the vertical 
reaction of the wall, and consequently produces no strain 
upon any part of the principal, so that we may pass on 
to that at D. This weight of • 5 tons is in the first in- 
stance supported by the resistance of the lower part of 
the rafter A D, and that of the strut D F, causing strains 
of compression in both of them. Their amount may be 
readily determined. Make D a by scale equal to • 5 
tons ; draw a d parallel to A D to meet the strut D F, 
and a d will equal the strain upon A D, and D d that 
upon D F. The strain A D upon the rafter, is trans- 
ferred to the point A, where it is resisted by the action of 
the tie rod A F, and the vertical reaction of the support 
at A. Making A K equal to a d, and drawing K b 
parallel to the tie rod — that is, horizontal, to meet the 

u 
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vertical line A b — the strain upon the tie rod A F is equal 
to b K. These, however, are not the only strains brought 
upon the part A D of the rafter and the tie rod A F by 
the action of the weight at D, as will be apparent on pro- 
ceeding to examine into the effect of the strain D d upon 
the strut D F. The compressive strain D ci! is trans- 
ferred to the point F, where it is resisted by the bars 
A F and F C. Plotting F / equal to D d, on the pro- 
longation of the strut D F, and drawing / c parallel to 
F C, the strains upon A F and F C are represented by 
F / and F c. The strain upon A F may be disregarded, 
as it is counterbalanced by one of an opposite tendency 
and equal in amount from the weight at E, which also 
brings another equal strain upon the king rod. The total 
strain upon the king rod is equal to 2 x/c, but only 
half of this has to be regarded as affecting the other mem- 
bers of the half truss. Following the action of the strain 
/ c, it is transferred to the point C, where it is represented 
by 6. If 6 / be drawn parallel to the tie rod A F, 
then K will represent the strain upon the part D of 
the rafter. This strain is again transferred to the point 
of support A, thereby causing an additional strain upon 
the lower part of the rafter A D, and upon the tie rod 
A F. So far, therefore, the total strain upon A D is 
equal t6AK + CK=2 AK, and that upon A F to 
2 6 K. In this instance the separate strains upon each 
member of the principal are equal, but this is partly due 
to the manner in which the load is distributed, the ratio 
between the span and rise of the roof, and the horizon- 
tality of the tie rod, as will be more fully perceived in 
checking the strains by mathematical analysis. The 
whole action of the weight at D has now been accounted 
for, and it remains to examine into that of the apex 0. 
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This, by the distribution of the load, is equal to • 25 
tons, and, upon the scale of strains,- equal to C b. Its 
action is therefore identical with that already considered, 
and it impresses upon the rafter an additional strain 
equal to C K upon D and upon A D, and, consequently, 
an additional strain, equal to b K, upon the horizontal 
tie rod. Instead of taking the last two strains sepa- 
rately, they might have been. made equal to A, and, 
consequently, cj and hj would have represented the 
result upon the two parts of the rafter and the tie rod, 
being each of them respectively equal to 2 K and 
2 6 K. A reference to the diagram will indicate that 
the strains may be arrived at in a somewhat different 
manner, by resolving the forces as shown at B. If these 
be compared, by means of a pair of dividers, with those 
already determined, the identity will be established. 
The strains may now be tabulated as represented in 
Table I., and may be briefly summed up as follows : — 
Strain upon AD = + 3 A K ; upon D = + 2 C K 
= Cy ; upon A F = - 3 6K; upon C F = - 2fc ; and 
upon D F = + D c^. 

There is clearly some analogy in the action of the 
strains upon a trussed roof and those upon a girder. In 
both instances, they are augmentative, according to the 
number of separate parts or bars in the structure, but 
the direction in which the increase takes place is not the 
same. Thus in a horizontal girder the strain upon the 
flanges increases towards the centre, but in a roof they 
increase towards the abutments, the lower end of the 
rafter having to resist the maximum strain. A similar 
increase attends the strains upon the tie rod, as will be 
pointed out when examples are treated of, in which the 
tie rod consists of two or more separate bars. If the 

M 2 
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rafter C B be considered in the light of the last, or end 
bar, of a lattice or Warren girder, the total strain upon 
the lower portion may be arrived at in exactly the same 
manner as in that case. The total reaction at B is equal 
to 1 ton, but of this one quarter is directly supported by 
the wall, so that the portion aflfecting the rafter is re- 
duced to 70 • 5 tons. Making B m = • 75 tons, and 
drawing m n parallel to the tie rod, we obtain B n, equal 
to the total strain upon E B, and m n equal the total 
pull upon the tie rod. It has been assumed in this in- 
vestigation that there is no weight, such as a floor, for 
instance, placed upon the tie rod, but if such should be 
the case, it should be distributed between the three 
points of support A, F, and B, and the weight added to 
the strain already obtained on F C. The result will be 
an increase in all the strains with the exception of that 
upon the struts D F and F E. In this particular de- 
scription of iron structures there is very rarely any per- 
manent load upon the tie rod. During the erection of 
the roof, and at subsequent periods of repair, the tie rod 
is subjected to a small permanent load, consisting of 
the necessary scaflfolding and workmen, but this is not 
of sufficient importance to be taken into the calcula- 
tion, as the margin allowed for safety will more than 
cover it. 

Where there are so few parts, as in the first example 
we have selected in the diagram, all the strains may be 
readily calculated by a few simple equations, directly the 
theory of their action is understood, that is provided 
their eflfect upon the various members of the truss, can 
be traced from their origin to their final resistance 
at the points of support. Let W represent the total 
weight upon one-half of the truss, then, there will be a 
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w w 

weight of "TT- situated at the point D, and of -j at A and 

€• The strain upon the end of the rafter resulting from 

W 

the weight -^ is equal to a d, and by construction a d = 

d D. Drawing d d' parallel to the tie rod, ad' = d' D 

W 

= — and angle a d d' = 0. Putting ad = S = strain 

W W 

on A D, we have S = - — r — 7; = —r cosec. 0. To find 

4 sine^ 4 

the value of 0^ we put tang. = -r-=^ = -- = • 5000 and 

= practically 26° 34'. Tracing the action of the weight 

W 

— , which is the vertical component of that already deter- 
mined, it will be seen that it is transferred to the apex 
C, and again resolved into a thrust upon the rafter. 
Moreover, there is another equal weight at 0, which 
also brings a strain upon the whole rafter. Summing up, 
therefore, we have the total strain upon the lower part 
of the rafter equal to these three, and, therefore, S = 

( W , W , W ) . . 3 W X cosec. ^ „^ 
<-j-+--r-+-j-> X cosec. 6 = J = 0'75 X cosec. $. 

But cosec. = -. — Bijthen S = 0*75 x 2-234= 1-67 

sine 0^ 

tons, which agrees with the result given in the Tables. 
The total tensile strain or pull upon the tie is the strain 
which resists this thrust on the rafter, and is conse- 
quently its horizontal component, and is represented 
by m n in the diagram. By construction, the angle mnB 
equals the angle 0, and putting & for the pull on the 
tie we obtain S^ = S x cosine 0. From above S sr. 
0*75 X cosec. ^; therefore S^ = 0*75 x cosec. x 
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cosine 6 = 0-75 x cotang. 6 = 0-75 x 2 = 1-50 
tons. Obviously the thrust upon C D equals that upon 
A D, minus a rf, equals therefore S — (0 • 25 x cosec. 6). 
The strain upon the strut D F = a d, and needs no fur- 
ther elucidation, and it only remains therefore to calculate 
that upon the king rod. This is equal \o2fc. Let it 
be put equal to S^ and we shall have the equation S* = 
2F/=2Dc;=2adx sine 6. But a d = 0*25 x 
cosec. 6^ therefore S^ = 2 x ' 25 x cosec. 6 x sine 6 
= 2 X 0-25 = 0-50 tons. This completes the calcula- 
tion of the strains upon the half truss. It must not be 
forgotten that a horizontal thrust is generated at the apex 
C, which is resisted by one similar in amount and direc- 
tion, due to the action of the load upon the remaining 
half of the principal. This would be rendered apparent 
if the other half of the truss were replaced by a wall. As 
some of our readers may not be acquainted with trigo- 
nometrical calculations, the following equations will en- 
able them to check some of the strains they have 
determined by the aid of the diagram by simple arith- 
metical means. The rule for the total strain upon the 
end of the rafter may be thus expressed in words : " The 
total strain upon the end of the rafter is equal to the 
total weight supported by it, multiplied by the length of 
the rafter, and divided by the rise of the roof." The rise 
of the roof is the distance from the middle part of the tie 
to the apex or junction of the rafters. If P be the length 
of the rafter, L the half span, and R the rise, then P^ = 
P + R' and 



= VlOO + 26 = 11-18. 

Substituting these values in the rule, the strain upon 

0*75 X 11*18 
the end of the rafter equals — — t = 1 • 67 tons, 
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as before. Since the total strain upon the tie rod is the 
horizontal component of this, the rule for it is, " The 
total strain upon the tie rod is equal to the total weight 
upon the rafter multiplied by the half length of the tie, 
and divided by the rise." Consequently, in the present 

case it is equal to r = 1*50 tons, as in Table 

XII. Similarly to a girder, the strains upon a roof 

Table XII. 



A 

D 

C 
E 



Weight at 



Total 



{ 



• • • • 



AD. 



+0-55 
+0-55 
+0-55 



+1-65 



Parts of the Half Tnu». 



DC. 



+0-55 
+6'55 



+1-10 



AF. 



0-50 
0-50 
0-50 



-1-50 



CP. 



-0-25 



-0-25 



-0-50 



DF. 



+0 



+0 



55 



55 



principal are increased in the ratio of the span, and di- 
minished in the inverse ratio of the rise, which is virtu- 
ally the depth, and exercises the same influence over 
both examples of construction. 
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CHAPTER XIX. 

ROOF TRUSS, WITH HORIZONTAL TIE ROD. 

All iron roofs may be classed under one of two compre- 
hensive heads. The first of these is that in which the 
rafter principle is the prominent feature, and the second 
embraxjes the many varieties of form in which this prin- 
ciple is not adopted. For very large spans the rafter 
principle is not so suitable as the other, which includes 
curved and circular roofs generally. The former may be 
divided into two chief kinds — one in which the tie rod is 
horizontal, and forms a straight line from the extremities 
of each rafter, and the other in which it is inclined up- 
wards at any angle. In both instances the bracing may 
be arranged, or the truss "built up," in a variety of 
ways. There are at the same time certain advantages 
to be gained by a particular disposition of the struts and 
ties, which is the proper guide for the scientific and 
economical construction of trussed roofs. When the tie 
rod is horizontal, as represented in Fig. 51, there are 
two principal methods of arranging the bracing. That 
shown in the diagram is the most usual, but it is inferior 
to another, of which an example is given in the next 
chapter. The inclined bars in the truss shown in Fig. 51 
are subject to a compressive strain, and the upright, or 
vertical, to one of tension. In addition to obtaining the 
strains upon a roof of this description by the graphic 
method, they can also be calculated by a few simple 
equations and formulae, which are not applicable to 
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examples diflfering from that under consideration. The 
diagram in Fig. 51 represents the half skeleton elevation 
of a trussed or braced roof, with a span of 64', and a 
rise of 14' 6". Each principal is supposed to be loaded 

r 
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uniformly with a weight of 2 tons, or with 1 ton to each 
half truss. According to the rules already laid down for 
the distribution of loads upon roofs, the several apices of 
the triangles formed by the bracing will be loaded as 
follows: — At the apices B, C, D, E, the weight will 
equal • 2 tons, while at A and F it will equal • 1 tons. 
The total weight at F will be in reality equal to • 2 
tons, but only half of this will produce strain upon the 
half truss. As the graphic method of ascertaining the 
strains has already been demonstrated on a smaller scale, 
the successive steps will not be recapitulated, but the 
general outline only of the process given. The diagram, 
in which the strains are drawn to scale, and Table XIII. 
will enable the reader to follow the operation throughout. 
Commencing at B, the weight of • 2 tons is plotted on 
the vertical line, from which a line is drawn parallel to 
the rafter to meet the strut B H, and the strains upon 
these two members at once determined. The strain 
upon the part of the tie A H may be obtained by either 
drawing a line from the intersection of the strains of the 
strut and rafter at a to meet .the vertical already plotted, 
or by making H a, on the prolongation of the struts 
equal to B a, and drawing a b vertically. H b will then 
also represent the strain upon the tie rod. Proceeding 
to the next vertex at C, make the vertical line equal to 
a 6 + the weight situated at that apex, that is equal to 
a 6 + • 2 tons. Draw the parallels as before, and the 
strains upon the strut, rafters, and ties will be deter- 
mined. A repetition of the same process will give the 
strains upon the remaining portions of the half roof, and 
they may then be summed up. 

The total strain upon A B will equal that resulting from 
the weights at B, C, D, E, F, and will therefore be pro- 
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portional to the number of loaded apices. Similarly, the 
total strain upon C D will be equal to that upon A B, 
minus the strain resulting from the weight placed at B, 
and will therefore be also proportional to the number of 
loaded apices minus one, and so on for the remaining 
subdivisions of the rafter. All these strains are mani- 
festly of a compressive nature, and tend to thrust out 
the point A, which thrust is resisted by the horizontal 
tie rod. The strains upon this latter member are also 
proportional to the number of loaded vertices in the 
truss, and may be found, like those upon the rafter, by 
direct calculation. In Table XIII. the strains upon the 

Table XIII. 



Parts of the 






Weights at 


t 




Total strains 


half truss. 










A %^ir**A DlrXWUlAOs 




6. 


C. 


D. 


E. 


F. 




AB.. .. 


+ 0-25 


+ 0-25 


+0-25 


+0-25 


+ 1-18 


+2-18\ 


BO.. .. 




+0-25 


+ 0-25 


+0-25 


+1-18 


+ 1-93 


CD.. .. 


• • 


• • 


+0-25 


+0-25 


+1-18 


+l-68}Rafter. 


DE.. .. 




• • 


• t 


+0-25 


+ 1-18 


+1-43 


EF.. .. 




• • 


• • 


• • 


+ 1-18 


+1-18- 


AH.. .. 


-6*-23 


-0-23 


-0-23 


-0-23 


-1-07 


-1-99J 


HJ.. .. 




-0-28 


-0-23 


-0-23 


-1-07 


:}:^^ Tiered. 


JK.. .. 






-0-23 


-0-23 


-107 


KL.. .. 








-0-23 


-1-07 


-l-30l 


B.H.. .. 


+6-25 


• 




• • 




+0-25) 


CJ .. .. 




+6'-30 




• • 




+0*30L,^. 
+0-36P*"^*«- 


D.K.. .. 






+ 6*36 


* t 




EL.. .. 






, , 


+0-44 




+0-441 


H.. .. 


-6-10 






• t 




-0-30| '^• 


DJ.. .. 






-6'-20 


t • 




E K. .. ..- 


,, 






-0-30 




FL.. .. 








• • 


-6-40 


-0-80 King rod. 



various parts of the truss, resulting from the action of 
the total weights at each vertex, are tabulated, and the 
Table shows that the strains upon the vertical ties, or 
queen rods, and upon the king rod, are likewise propor- 
tional to the number of loaded points. The total strain 
upon the king rod appears to be an exception to the 
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rule, but it is not so in reality, as only half this most be 
considered to belong to each half truss. The rule applies 
to every member of the half truss, with the exception of 
the struts B H, C J, D El, and E L. Their strains do 
not follow any particular law, and this is owing to the 
fact that their angle of inclination, both with the rafter 
and the tie rod, is continually altering. Having deduced 
the separate strains from the diagram, and tabulated 
them so as to obtain their sum, the maximum strains 
upon the rafter and tie may be now checked. In Table 
XIII. the weights at the apices C, D, E, and F, include 
the portion of the weights which is transferred to them, 
from each apex situated nearer the abutment than them- 
selves. Putting S for the maximum strain upon the 
rafter, Si for that upon the tie rod, W for the total weight 
upon the half truss, and the remaining notation as in the 
last chapter, we have 

_ WxP 0-9 X 35-33 „_^ 
S = .^- = jy:^— = 2-17 tons, 

or, practically, the same result given in Table XIII. 
Similarly 

WxL _ 0-9x32 

Si - -R- - -14. 5- - ^ y^- 

In order to calculate all the strains — with the excep- 
tion of those upon the inclined struts, which may be 
obtained by trigonometry, if desirable, instead of by a 
diagram — the following formulae will be found appli- 
cable : — Let N equal the number of loaded apices in the 
half truss, which exert a strain upon the various parts of 
it, which will be one less than the actual number of 
points upon which a load is placed, since the point A, 
which is not strictly a vertex, is not included in the 
estimate, as the weight borne by it is resisted directly 
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by the upward reaction of the abutment, and exerts 

no strain upon the truss. The strains upon the other 

parts of the rafter may be thus found. The strain 

^^ S(2N-1) ,, ' ^^ S(N-l) 
upon B C = ^ g^ — '- J that upon C D = ^ — ^ , 

that upon D E = — ^ ~^-^ , and that upon E P 

= — ^-:j^ ~ • In like manner, if W be equal to the 

total load upon the semi-roof, the strains upon the verti- 
cals will be given in terms of it and N. The strain upon 

C H = ^ , upon D J = ^- , upon E K = ^^ , and 

4W 

upon FL = ''-^' For the strains upon the ties the 

rule is the same as for those upon the rafters. Express- 
ing the strains by the name of the bars 

S>= AH. H J = «^2^. JK = «l(^. KL = ?ilf^- 

The diagram in Fig. 51 is drawn to a scale of 6' to I", 
and the scale for strains is 1 ton to 1". Whenever the 
angle of inclination of the rafter is given instead of the 
rise, it will be shorter to work by trigonometry to find 
S and S\ and use the formulae already mentioned, in 

W W 

which S = —. — ^ and S^ = t ;; , in which 9 is the 

sm. 6 tang. 

angle of inclination of the rafter to the horizon. 

The truss in the diagram may be regarded as composed 

of one principal and several secondary or subsidiary 

trusses, and there are consequently two sets of strains 

brought upon it ; the one set being due to the action of 

the load upon the principal or primary triangle, and the 
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other resulting from the introduction of the smaller ones. 
Suppose for a moment that all these latter were removed, 
then the only strains upon the large triangle A F L would 
be a thrust upon the rafter A F, and a pull upon the tie 
A L. As there would be no intermediate points of sup- 
port, the whole weight of W would have to be supported 
at the points A and F, and the truss would at once be re- 
duced to its simplest form. It is known that the weight at 
the former point produces no strain upon any part of the 
truss, therefore the resultant strains upon the rafter and 

W 

tie are due to the action of — at the apex F. If A M 

z 

be drawn equal and parallel to F L, and also made equal 

W 

to -jr- , the strains upon the rafter and the tie will be 
Ji 

represented in amount by A F and M F. On referring 
to the Table, these will be found equal to those due to 
the action of the weight at F, thus proving the accuracy 
of the successive steps of the former process. The strains 
upon the other parts of the half roof may be now obtained 
without going through all the intermediate steps, since 
they are all. multiples of one constant, with the exception 
of those upon the inclined struts. Draw B M. In the 
triangles A B M, E F L, the sides A B, A M are respec- 
tively equal to E F, F L, and the angle BAM equals 
the angle E F L. Consequently, the remaining sides and 
angles of the one triangle are equal to those of the other, 
and B M is parallel to E L. Draw the lines B N, B P, 
B R, and their lengths will be equal to those of the struts, 
and will represent the several strains upon them. It will 
be found that the intersection of the lines parallel to the 
struts with the vertical AM, together with a horizontal 



ROOF TRUSS, WITH HORIZONTAL. TIE ROD. 175 

line drawn from, the point B, will divide A M into equal 
parts, which represent the load upon the half roof. The 
line A S equals the sum of the weights acting at A and 
F. The line B S will equal the constant strain for each 
bar of the tie rod, and A B that for each separate part of 
the rafter. The strains upon the vertical queen and 
king rods will be equal multiples of A S, in the order of 
their distance from the point A. The introduction of 
subsidiary, or secondary trusses, at once increases the 
strains upon the parts of the principal truss, but they are 
absolutely necessary to prevent the rafter and tie yielding 
by deflection. Table XIII, indicates that while they aug- 
ment very considerably the original strain upon the pri- 
mary truss, they are not subject, comparatively speaking, 
to much strain themselves. They act more as the carriers, 
or mediums of transferring strain, than as the absolute 
recipients of it, and the result of their action is nearly 
always to increase the original strain with respect to the 
member they transfer it to. Thus a total strain of • 50 
tons at F produces strains of the amount of 1'18 and 
1 • 07 upon the rafter and tie. The strains upon the truss 
may now be calculated trigonometrically, and we will 
commence with those upon the inclined struts. In the 
diagram, since A V = V H, in the two triangles A V B, 
B V H, B V is common, the two right angles are equal, 
and the triangles are equal, and A B = B H, and the 
strain upon the strut due to a weight at B equals that 
upon the end of the rafter A B. Making W equal the 
load at B, 6 the angle of inclination of the rafter, and S 
the strain upon the strut B H, the value of it is given by 

the equation 8 = ^ • The angle 6 is known, 

because the rise and half span are known, for calling 
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these respectively R and T, tang. ^ = 5 = 24^ 22' 30". 

From the distribution of the load the value of W at B is 
* 2 tons, and in order to find the strain upon the next 
strut J, we must ascertain the total pressure at C, which 
will consist of the original value of W, plus the portion 
transferred by the strut B H to the point H. This will 
be equal toBcorab, which it is easy to prove is equal to 

W 

-— • The triangles Bga and A B H are similar to one 
ji 

another and equi-angular, and 

W 

Bc;cgf::AV:VH /. Bc = c^ = — . 

The total value for W therefore at C is known, and the 
calculation can be proceeded with. Referring to the 
diagram : — C d \ C e : : sine Q e d\ sine G de. But sine 
C ^ d = sine A C H = cos. ^, and sine Gd e = sine A C J, 
since the sine of an angle equals the sine of its supple- 
ment Again, by the construction, Cd equals the strain 
upon the strut = S, and C e = W. Consequently, the 
equation now stands 

S : W : : cos. $ : sine A C J and S = — . r-prr • 

sine A C J 

W COS. d 

Put angle A C J = ^S and S = — -. — ~ • If the angle 
^ sme d^ ^ 

6^ were known, the strain upon C J could be determined. 

Make the angle A J = <^, and we have the following 

proportion : — Sine 6^ : sine <^ : : A J : A C. But from the 

di agram A J = — ^ — > and A C = — ^ — > putting L for 

the length of the rafter, which is a known quantity. 

r,., .. • /ii sine<A x 3T ^ , ,. 

Therefore sme 0^ = ~n t — * ^7 construction 

^ X Li 
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T = L X COS. 6^ and the equation becomes 

sine ^ X 8 cos. 



sine 6^ =■ 



2 



Substituting this value in the equation for S, we obtain 
a W X 2 
3 X sine tp 
It now remains to find the value of sine ^. In the 

triangle H J, tang, ^ = =-r= , But C H = -=- , and 

jjLJ 

T 2 R T?. 

H J = ^ ; therefore tang, j> = -=- , and, since tang, ^ = m > 

tang. <f> = 2 tang. 0. The angle <f> is thus known, and 
fix>m it, S can be calculated. Similarly for the strains 
upon the other struts, the values of <^^ and <f>^ must be 
found, and it will be perceived that the tangents are 
respective multiples of that of 0. Thus, 

^, DJ 8R ^^ ^ 
tang.<^i = jg-=-^=3tang.^, 

4R 
and tang. <l>^ = -p=- = 4 tang. 0. If the angles A D K, 

A E L, be made respectively equal to 6^ and ^, the cor* 

,. , i. a -n 1- W COS. W COS. 

respondmg values of S will be — : — 7^- ; — : — 7^ ; or 
^ ° sme 0^ sine 0^ 

their eqmvalents -z — ; n ^^^ f-= ft • 

^ 4 sme 9^ 5 sine <f>^ 

Let us take an example and check the strains given in 

Table XIII. The straiji upon the strut D K = • 36 tons. 

3 X W 

By the formula, the strain for this strut equals 1 — r — n ? 
•^ 4 sine <l>^ 

W = ' 4 tons, and tang. <;^^ = 3 tang. 0, from which 

<f>^= 61° 7', and S = 0-345 tons, which is a sufficiently 

close approximation to that arrived at in the diagram. 

The reason of the constancy of the strain, brought suc- 

N 
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cessively upon the diCFerent parts of the rafter and tie 
rod, is evident upon an inspection of the diagram. The 
small triangles a c g^ d k e; are equal to one another. 

W 

Since c ^ = K ^ = -^ , the strain upon the stmt is always 

^^ X cosec. 
equal to ^ '— . So also for the strains upon the 

tie, which are represented by a c = d ^ = x — ^ • 

Rules have already been given for finding the total or 
maximum strain upon the rafter and tie, so that those 
due to the pull of the king rod may be obtained by simple 
subtraction, or they may be readily calculated firom the 
triangle EFT. It has been assumed that the value for 
W in the formulae given for the strains upon the struts 
was known, but it may be determined as follows : Let oi 
equal the original weight placed upon each vertex, formed 
by the intersection of the rafter and a strut, and let N 
equal the number of the vertex counting from B. The 

value of W will be equal to cu H — ^ = a> (— o — ) • 

—TT-j = 0-5 tons, 

as in the diagram. As the original weight at F is only 
half that on the other apices, it will form an exception to 
this rule. An objection to this form of roof is that as 
the angle of inclioation of the struts is always varying, 
they are not alike under favourable circumstances for 
resisting strain. The last strut, for instance B H, is 
placed at an angle of about twenty-five degrees with the 
tie, which is a very unfavourable position. A better 
form of truss is obtained by placing the struts as nearly 
perpendicular to the rafter as the construction and design 
will permit. 
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CHAPTER XX. 

SINGLE ROOF TRUSS WITH DIAGONAL BRACING. 

It has been already mentioned that the tie rod of a 
roof truss is usually placed in an inclined position. 
Before proceeding to analyze an example of that descrip- 
tion, we will investigate the one illustrated in Fig. 52, 
in which the span, rise, and rate of loading are identical 
with those adopted in the example in the last chapter. 
The difference consists in the manner in which the 
bracing is arranged, and the two examples should be 
carefully studied and compared together, so that an 
accurate estimate may be formed of their relative advan- 
tages. In the diagram Fig. 52, the struts approach 
nearer to a perpendicular position with respect to the 
rafter, while the ties or queen rods, are no longer ver- 
tical, but inclined at different angles to the horizontal. 
This description of bracing, allowing for the varying 
angles of inclination, is similar to that of a Warren truss 
or girder, and it is preferable to the older, and somewhat 
stereotyped form represented in Fig. 51. The majority 
of the struts in the latter instance are shorter than the 
corresponding ones in the former figure, and are conse- 
quently not strained to quite the same amount. This dif- 
ference would be shown more conclusively if, instead of the 
unit weight selected for the purpose, the actual weight 
likely to be placed upon a roof of the given dimensions 
had been adopted. The former, however, possesses the 

n2 
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advantage of acting as a standard for all similarly trussed 
roofs of the same span and rise, since, to find tJlie actual 
strains upon the various parts, it is sufficient to multiply 
the strains given in the tables by the proper constant, or 
the number representing the ratio between the unit 
adopted and the load in question. In the present ex- 
ample the strains are divided into two classes, under the 
heads of direct and transmitted strains. So that it will 
])e perceived how the action of the same weight is 
multiplied, again and again, by the different parts of the 
bracing. It is of very little use to be acquainted with 
the total strain on any particular bar, unless the designer 
of a structure is capable of analyzing that strain, divid- 
ing, and, as it were, dissecting it into every one of 
its component parts. Mathematical formula?, wherever 
they are applicable, suffice for calculating the total 
amount of any strain, but they do not afford the slightest 
clue to the manner in which it has been gradually and 
successively accumulated. They give, it is true, the 
result of a load, but impart no information respecting 
its intermediate action. As an instance, take the for- 
mula for the strain upon the last bar of a Warren girder, 
where S equals the strain, W the total load, and d the 
angle of inclination of the bars to the horizon. The cal- 

^^i N/ oosec 
culation is at once made by the equation S ^ — ^ ; 

but the equation affords not the slightest information, 
respecting the manner in which the successive strains are 
obtained, until they reach the total represented by S. 

The direct strains result from the action of those por- 
tions of the total load situated at the points B, C, D, E, 
and F, and affect the several bars of the rafter, and the 
inclined struts attached to them. It will not be neces- 



r^ 
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sary to do more than indicate briefly the effect of the 
strains, represented by the lines of the diagram, as the 
principles of the analysis and the geometrical reasoning 
have already been enunciated. Moreover, Table XIV. 
has been constructed to show, at a glance, the direct 
strains resulting from the weights placed at the different 

Table XIV. 



Parts of the 


Direct weights at 


Total 




Half Truss. 












Strains. 






B 


c 


D 


E 


F 






AB .. .. 


+0-165 


+0-0975 


+0-0675 


+0-055 +0-245 j +0-630 


\ 


BC .. .. 


• • 


+0-0975 


+ 0-0675 


+0 055 


+0-245' +0-465 




CD.. .. 


• • 


fl • 


+0-0675 


+ 0-055 


+0-245' +0-367 


Bafter. 


DE.. .. 


• • 


• fl 


• • 


+0-055 


+0-245; +0-300 




EP.. .. 


• • 


• • 


• • 


. . 


+0-245; +0-245 


< 


BH.. .. 


+0-200 


• fl 


• • 


• • 


€ • 


+0-200 


^ 


CJ .. .. 


^* • 


+0-185 


• • 


• • 


• • 


+0-185 


iRtmtfl 


DK.. .. 


• • 


j»» 


+0-182 


. • 


• fl 


+0-182 




E L .• .• 


• • 


. • 


. • 


+0-185 


• fl 


+0-185 





apices of the triangles. The distribution of the load will 
be the same as before; therefore making the vertical 
lines B a, c?, D ^, E /, respectively equal to ' 2 tons, 
the direct strains upon the rafter and struts are given by 
the other sides of the triangles, and vrill be found to agree 
with those in Table XIY. At the apex F the weight is 
only half that situated at the lower apices ; so that Fj = 
• 1, and F k equals the strain upon the part of the rafter 
E F, and is also added to those already obtained for the 
other parts. It might perhaps be considered that the 
addition of the strain upon B 0, or upon any other bar of 
the rafter to that upon A B, should be regarded as a 
transmitted strain, and not a direct one. So it would, 
were the direction of the strain altered, but it is not ; 
both the direction and nature of the strain remain con- 
stant ; and, moreover, A B, B C, and in fact, all the 
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Tabtje 


PaBXS or THS 


WeigbU at 


AB 


BC CD 


DE 


EP 


AH 


HJ 


JK 


: +o*i2u 


+ 0*120 ' +0*050 


+ 0*032 1 +0*095 


-0*210 


-0*067 


-0*030 


+ 0-050 


+ 0*050 1 +0*032 


+0095 


-0*067 


-0*030 


-0*03i| 


B ./ 


+ 0*032 


+ 0*032 +0*095 


1 «« 


• • 


-0*030 


-0*020 


-0-073 




+0*095 


: +0*095 


• • 


• • 


-0*020 


-0*073 






• • 


1 

1 • • • • 


• • 


• • 


-0*073 








+ 0*115 


' +0*115 +0*115 


+0*060 +0*200 


-0-143 


-0*143 


-0-070 


p ! +0*060 
^ +0*200 


+ 0*060 +0*060 


+0*200 ! 


-0*070 


-0*070 


-0-037 


+0*200 


+0*200 


• • 


• • 


-0*037 


-0*037 


-0-160 


1 


• • 


• • 


• • 


• • 


-0*160 


-0*160 






1 +0*087 


+ 0*087 


+0*087 


+ 0*087 +0*305 


-0*120 


-0*120 


-0-120 


D < 


+ 0*305 


+ 0*305 , +0*305 


+0*305 


-0*075 


-0*073 


-0-073 




• • 


• • • • 


• « ' • • 


-0*275 


-0*273 


-0-273 


E 


; +0*425 


+0*425 +0*425 


+0*425 ; +0*426 


-0*090 


-0*090 


-0-090 


• • 


• • • • 1 


• • , • • 


-0-340 


-0*340 


-0*340 


F 1 .. 


• • • • ' 


1 

• • 1 • • 


-0*223 


-0*223 


-0*223 


Total .. .. +1*499 


+ 1*499 1 +1*379 


+ 1*329 +1*297 


-1*929 


-1*719 


-1*509 



separate bars of the rafter A F, are in reality but one 
bar, although theoretically subdivided. This is clearly 
not the case with the strain induced upon the bar H C, 
by the action of the weight at B. The compressive 
strain in the strut B H, is changed both in direction and 
character, when transmitted to the bar H 0, or A H, but 
the strain upon the bar B from the weight at 0, under- 
goes no change of any kind in amount, character, or 
direction in passing to the bar A B. It is a simple addi- 
tion, and so for the other strains transferred from D, 
D E, and E F. 

There is no readier method of ascertaining the strains 
in Table XIV. than that demonstrated in the diagram. 
In consequence of the inclination of the bars and their de- 
viation from the vertical, the trigonometrical calculation 
of the thrusts, or compressive strains upon the diflFerent 
parts of the rafter and struts, is not capable of being so 
easily effected as in the former instance, where the queen 
rods were perpendicular, nor is there any advantage to 
be gained in resorting to that method. The manner in 
which the half truss is affected by the transmitted strains 
is represented in Table XV. By the aid of the diagram 
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XV. 



Half Tbuss. 



KL 


LM 


BH 


CJ 


DE 


EL 


HC 


JD 


EE 


LF 


-0*020 
-0-0Y3 


-0*073 


• • 


+0*087 


+0*060 


+0*048 


-0*150 


-0*070 


-0*048 


-0*037 


-0*03Y 
-0*160 


-0*160 


• • 


• • 


+0*120 


+0*076 


• • 


-0*170 


-0*100 


-0*076 


-0*0Y3 
-0*273 


-0*273 


• • 


• • 


• • 


+ 0*148 


• • 


• • 


-0;180 


-0147 


-0*090 
-0*340 
-0*223 


-0*340 
-0*223 


• • 


• • 


•• 


• • 


• » 


• 
• • 


• • 


-0*187 


-1*289 


-1*069 


+0*087 


1 +0*170 


+0*271 


-0*160 


-0*240 


-0*338 


-0-446 



there will be no difficulty in following the analysis, and 
there is no point calling for especial notice, with per- 
haps the exception of the strain upon the centre bar 
L M of the horizontal tie rod. This is found equal to 
— 1 • 069. It is evident, on inspection, that the bar L M 
is not in any way affected by the strains upon the inter- 
mediate struts and ties, forming the component parts of 
the truss. The strain upon it is exactly the same as if 
they were all removed, and the truss consisted simply of 
a rafter A F and the half tie rod A M. The total load 
will then be supported at the two points A and F, half 
at each point. Make A N equal to this load equal to 
• 5 tons, and draw N B parallel to A M. The line N B 
will scale 1 '069, and will represent the strain upon the 
bar AM, or L M. "Whatever form of truss may 
be adopted, or whatever may be the number of the 
secondary or subsidiary trusses, the strain upon the 
centre bar of a horizontal tie rod will be that due solely 
to the loading upon the primary truss, and will be alto- 
gether unaffected by the introduction of smaller secon- 
dary trusses and bracing. This will be better seen in 
the example of a roof with an inclined tie, as will also 
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several other conditions of strain, which are not so ap- 
parent in the simple instance in Fig. 52. The direct 
and transmitted strains may now be summed up, and 
tabulated as shown in Table XVI. The sum of the two 



Table XVI. 



Ftartsofthe 


Direct 


Transmitted 


Total 




HalfTnus. 


StniDS. 


Strains. 


Strains. 


\ 


AB.. .. 


+0-630 


+1-499 


+2-129 


BO .. .. 


+0-465 


+1-499 


+1-964 




CD.. .. 


+0-367 


+1-379 


+1-746 


Rafters. 


DE.. .. 


+0-300 


+1-329 


+ 1-629 




EP.. .. 


+0-245 


+ 1-297 


+ 1-542 


/ 


AH.. .. 


• • 


-1-929 


-1-929 


\ 


HJ .. .. 


fl fl 


-1-719 


-1-719 




JK .. .. 


• • 


-1-509 


-1-509 


VTierod. 


KL .. .. 


• • 


-1-289 


-1-289 


( 


LM.. .. 


• • 


-1-069 


-1-069 


1 


BH.. .. 


+0-200 


• • 


+0-200 


\ 


CJ .. .. 


+0-185 


+0-087 


+0-272 


[struts. 


DK.. .. 


+0-182 


+0-170 


+0-352 


EL .. .. 


+0-185 


+0-271 


+0-456 


) 


HC. .. 


• • 


-0150 


-0-150 


^ 


JD .. .. 


fl • 


-0-240 


-0-240 


Ties or 


KE.. .. 


• • 


-0-338 


-0-338 


Queen rods. 


LF .. .. 


• • 


-0-446 


-0-446 


y 



descriptions of strains, represents the total strain result- 
ing from the whole weight of the truss. The strains upon 
the ends of the rafter and the tie rods, that is, upon the 
bars A B and A H, may be checked by plotting tiie total 
reaction of the load at the abutment, and completing the 
triangle of forces. Make A P equal the reaction, draw 
P P^ parallel to the horizontal tie, and A P^ and P P^ will 
give the measure of the strains upon A B and A H to the 
same scale. Or the same results may be obtained by the 
formula abeady given, which, however, it must be remem- 
bered, only applies to those examples in which the tie 
rod is uniformly horizontal. Let S and S^ equal respec- 
tively the strains upon the ends of the rafter and tie rod, 
or upon the bars A B and A H. Putting for the angle 
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of inclination F A M, and W for the total weight upon 
the half roof, then S = W x cosec. 6 and S^ = W x 
cot. ^ and S = 2 '124, and S' = 1-929, which agree with 
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the strains found by summation in Table XVL Sunilarly 
the strain upon the bar L M of the tie rod may be found 
by calculation. The natural cotangent of 25 deg. being 
2-144, the strain required equals 2*144 x 0'5 = 1*07 
tons. The member which has the greatest influence upon 
the strains upon a roof is the tie rod. Directly this 
becomes inclined from the horizontal, it modifies the 
amount of the strains in all the component parts of the 
truss, and it is no longer possible to check the sums of 
the strains upon the ends of the rafter and the tie rod, 
by the same simple methods already adopted. This 
follows from the fact, that if the portion of the tie rod 
situated next to the rafter, be inclined upwards from the 
horizontal, while the central portion remains horizontal, 
there are no longer three forces making equilibrium at 
the abutment, but four. One operation is, therefore, not 
suflScient to resolve the strains upon all the bars affected 
by the vertical reaction at that point. It must not be 
assumed that the process of analysis, which answers for 
a simple example, is also applicable to others of a more 
complicated and scientific form. 

In the practical designing of roofs, if they be 
thoroughly well secured by wind-ties and bracing from 
the sudden action of violent strains, the material may 
be taxed a little more than in the case of a bridge* 
So far as the parts in tension are concerned, it might 
be safe to increase the stereotyped five tons to six 
tons per inch of sectional area, but it would scarcely 
be prudent to adopt the same course with the parts 
in compression. The struts constitute the weak part 
of a roof truss, and there is, moreover, this important 
difference between it and a lattice bridge — the failure 
of one bar in the former would be certain to seriously 
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jeopardize, and probably destroy, the security of the 
others. This contingency is a well-known and a well- 
founded objection against the employment of the Warren 
girder, for any, except limited spans, whereas the fracture 
of one of the bars in the web of a lattice girder would 
afifect that bar only. 
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CHAPTER XXI. 

DOUBLE TRUSS, WITH INCLINED TIE ROD. 

The tie rod of a roof has hitherto been regarded as occupy- 
ing a horizontal position, from the extremity of one rafter 
to that of the other, and a truss of this description answers 
well enough for spans of limited dimensions, and also in 
instances where the engineer is not troubled about the 
question of headway. Frequently this is the very ques- 
tion he has to deal with. To increase the headway, the 
obvious plan is to raise the tie rod. But since the strength 
of any single truss or girder is directly as the depth, 
the raising of the tie rod diminishes the depth, and 
therefore the strength of the truss ; or, what amounts to 
the same, the strain upon the various members of the 
roof is increased. But this is of comparatively little 
consequence with other and more important considera- 
tions. There are certain given conditions which must be 
fulfilled, no matter what the strain may be, and the 
engineer has only to make the best of them under the 
circumstances. Supposing, therefore, that it is necessary 
to employ a description of truss, with the tie rod raised 
above the level of the extremities of the rafters, there 
are some points of difiference existing between the two 
types which demand notice. A more correct distinction 
might be made, by calling one the single, and the other 
the double truss system, as a reference to Fig. 53 will 
indicate. The whole roof represented in the diagram 
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consists of two separate trusses ADC, B D 0, which are 
united at the apex C, and held together by the horizon- 
tal tie rod D D. In the diagram, the parts in compres- 
sion are shown by the thick, and those in tension, by the 
thin lines. The only point of identity that exists be- 
tween the double and the single trussed roof, is in the 
king rod C E, which has no strain whatever on it pro- 
vided two conditions are fulfilled. These are that the 
portion of the tie rod which is connected with it should 
be horizontal, and not sufl&ciently long to be liable to sag 
from its own weight. It might be imagined that, as the 
horizontal tie rod D D, prevents the feet of the separate 
rafters from being thrust outwards, it virtually has a 
strain upon it equal to the horizontal thrust ; but such is 
not the case, and the error must be carefully guarded 
against. If the tie rod D D were directly attached to 
the extremities of each individual rafter, it would then 
be in the position of that belonging to the single truss 
system, and the pull upon the portion of it next to the 
rafter would equal the horizontal thrust of the roof. But 
in the present instance the pull upon it, due to the 
thrust of the rafter, can only be transferred to it through 
the medium of the inclined tie A D, which consequently 
alters both the direction and amount of the original 
strain. The strains upon the trusses themselves are 
dependent, both upon the pitch of the rafter, and the 
angles F A D, F B D, of the inclined tie rods, supposing 
span and load to be the same. Both these are also de- 
pendent upon the absolute pitch of the roof, that is, the 
angle CAB. There is a particular value for this angle, 
which causes the strain upon the bar A D to be exactly 
double that on D 0. The advantage of this in practice 
is obvious, as it simplifies the number of independent 
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parte •, since, whatever may be the scantling of D C, it 
is only necessary to use two bars instead of one, to obtain 
the requisite quantity of material in A D. 

The reduction of the component parts of a structure, to 
as few dissimilar pieces as possible, is a consideration the 
importance of which cannot be over-estimated. This 
becomes imperative when the structure is intended to be 
erected in a foreign country, where skilled labour is 
scarce and dear, and sometimes not to be procured at 
any cost. A girder or roof, every component part of 
which was interchangeable, would be the perfection of 
simplicity, so far as erection in a foreign and distant 
country was concerned. There is no reason why in 
numerous examples this might not be attained, and a con- 
siderably nearer approach to so desirable a result, might 
be gained than that which now prevails, in larger and 
more pretentious designs. A glance at a good many of 
the structures dispatched to our colonies and dependen- 
cies, is sufficient to induce one to almost believe that 
complexity, not simplicity, was the aim of the designer, 
and that they considered the merit of the work, to consist 
in the multiplicity of its joints and articulations. An 
iron roof is a particularly favourable specimen of con- 
struction, to erect in a country where there is a scarcity 
of skilled labour, as the connection of its various parts 
can be accomplished through the medium of pins or bolts, 
and riveting is thus avoided. It is true that the junction 
of the web and flanges of iron girders, in bridges, is also 
effected by the use of pins, but in the latter case, it is not 
only optional, but preferable, to use rivets. 

Before proceeding to analyze by diagram, the nature 
and amount of the strains, upon the double trussed roof 
represented in Fig. 53, a few of them may be ascertained 
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by calculation, and will thus serve as a check upon 
the other method. Put S for the span, R for the 
rise or depth of truss from C to E, L for the length 
of the rafters, W for the total load in tons upon the 
whole principal, and for the angle of the pitch of the 
roof. The distribution of the load on the half truss in 

W W 

reference to Fig. 53 will be — at the point F, and — at 

4 o 

w 

A and C. The total weight at thp apex C will be — , but 

w 

-Q- is all that concerns the strains upon one-half of the 

o 

truss. To find the strain first on the strut F D, put S for 

W 

the strain, and it becomes S = -r x cos. 0. If we take 

4 

W = 2 tons, which makes the load on the half truss equal 

to unity, and ^=26 deg., we have S = 0*449 tons. To 

determine the strains upon the different parts of the rafter, 

make the angle F A D = ^'. Both these angles and ff 

can be readily calculated, as the one is a function of the 

rise and span of the roof, and the other of the length 

of the rafter and the length of the strut F D, which is 

known by construction. Altogether there are three strains 

brought upon the rafter AC, which afifect the portion 

A F, and two which afiPect F C. Calling these Si, Sa, 

and S3 respectively, we have their respective values 

W W 

Si = 27 X tang. 0; Sg = -j- X cos. X cot. ff ; 

^ „ W sine 90 + ((9 - (9') 

andSs^-^X -r— ^7 -• 

o sine u 

The part of the rafter FC is obviously not directly 
affected by the weight at F, which produces the strain 
Si ; therefore the strain upon F will be equal to 
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fa . a\ "^ /) . iy . W Bme{90 + (g-y)} 
(8, + S,) = -J- X COS. tf X cot. y + -g- X g^^g, , 

and that upon 

A F = (S 1 + S, + S3) = *^ (tang, tf + 00s. tf x cot d*) + 

W sine {90 -f ( tf - ff) ] 
8 ^ sine^ 

The formula may be put in another form, for let (Si + 
Sa + S3) = M, then 

w 

M= g-^ — ^x{(2sineytang.tf + oos.tfcot.tf') + sme{90 + (tf-^)}. 

Substituting in this equation the correct values for the 
quantities we obtain 

M = - — ^^258 X {(0-516(0-487 + 3-349) + 0-981)} = 286 tons. 

The strain upon F can be obtained either from the 
formula given above, or more simply by subtracting 
from the last. Calling it N, we have N = (M — S^), 
= (2-86 - 0-243) = 2 -617 tons. A comparison should 
be made between these results, and those obtained for the 
strains upon the rafter, when the tie rod is horizontal, in 
order to trace the manner in which the inclination of the 
ties affects them. The angle 0' becomes an element in 
the calculation, and assists in complicating it. We may 
now ascertain the strains upon the inclined tie rods, A D 
and D C. There will be only one upon D 0, due to the 
direct action of the weight at F, which will produce equal 
strains upon A D and D 0. These may each be calculated 
from the formula 

a S X cos. ff S A orr X ' 

04 = — ' cTZT- = n—' Z> = i^'o/ tons. 

Sine 2 6 2 sine 

As this strain is transferred to the apex C, it is multi- 
plied again on the rafter and the tie A D, which also 
receives an additional strain from the weight directly 
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superimposed at 0. Therefore the total strain upon A D 

W COS. 6 

is equal to 2 S4 + S5, but S5 is equal to tt- x > ' n i ^^^ 
^ * 07 o n g sine^ 

may be easily shown to be equal to S4. For 

a S X COS. ^' W . COS. & 

°4 = • cTTT- = -T" X COS. 6 X 



sine 2 6' I ^ " "^ sine 2 ff 

Substituting for the expression sine 2 6' its equivalent 
2 sine 6' cos. 6', the identity between the two equations 
is established, and the total strain upon A D becomes 
equal to 2*61 tons. But there is another strain upon 
D due to a part of the strain upon A D. Let the 
portion of the strain upon A D equal Se, that affects 
D and D E. Then the additional strain upon D will 
be given by the formula 

sine (0 - 0' ) 

Substituting in this equation the proper values, we find 

a 1-73 X sine 11° ^ .^ . 

87 = ; — TTo = O'oO tons; 

^ sine 41° ' 

thus making the total strain upon the tie D C equal to 
1-37 tons. It only remains now to find the strain upon 
D E, which is found fi'om the equation 

a S7 X sine 2 0* -, 0-60 X sine 30° - ^- ^ 

°9 = —- — Tz — ZTT or 87 = -. — =^0 = 1*31 tons. 

sine {0 — 6) sine Jl° 

These calculations will be found to check sufficiently 
closely with those arrived at by the other methods, repre- 
sented in Fig. 54, to prove the accuracy of the results 
for all practical purposes. The strain upon D E is the 
same as that of the horizontal thrust, modified by the 
action of the tie rod A D, for D E might be replaced by 
an abutment or buttress at the points A and B, without 
altering the conditions of equilibrium existing in the 
roof. 
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The diagram in Fig. 64 shows the lines necessary to 
obtain the strains upon the different parts of the truss, 
and in Table XYII. results are given so that they may 
be compared with those already obtained by calculation. 

Table XYII. 





Pirtfof 


■ 


Weight at 


Stnlnt. 


BflnMrtn. 




TruH. 










A 


; F c 








AXf .• 




1 


/+0-225\ 

\+l-700/ 

+ 1-700 


+0-950 


+2-875 


Bafter. 


PC .. .. 


' 


+0-950 


+2-650 




FD.. .. 





+0-450 


+0-450 


Strat. 


'ad.. .. 





-1-750 


-0-875 


-2-625 


} '^'- , 


DC. .. 


. 


-0-875 


-0-500 


-1-375 




DE.. .. 





; -0-670 


-0-670 


-1-840 


Tieiod. 

1 



In the diagram there are two methods demonstrated, one 
showing the actual transference of the separate strains, 
and the other total strains upon the different members 
of the truss. The scale of the diagram is a quarter of an 
inch to the foot, and for the strains, of which the directions 
and amount are shown inside the truss, 1" to the ton. 
For those shown by the dotted lines outside the truss, 
the scale is 2^" to the ton. According to the distribution 
of load which is adopted, the total load upon the half 
principal being 1 ton, the load upon point F is • 5 tons, 
and at A and 0-25 tons respectively. The lines which 
indicate corresponding strains, are distinguished in the 
two methods as far as possible by the same letters, with 
the addition of dotting those belonging to the outside 
diagram of strains. Any line parallel to any given bar 
is a measure of the strain, or a part of the strain, upon 
it. The difference between the two methods is that the 
one, or successive method, gives the separate strains^ 
brought by each weight upon the different parts of the 
truss, while the other method does not. Take, for 
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instance, the strain upon the two parts of the rafter 
A F, F C, By the former method the strain upon A F 
is ascertained by measuring the lines a 6, / 0, and h 0, 
and that upon F by / C and h C. By the latter the 
strain upon A F is equal to A + A F, but the strain 
upon F is equal to A C + 6' F, the exact reason for 
which does not appear, as the manner in which the 
strains act is not investigated throughout. It is not 
the result alone that must be considered, but the means 
by which that result is obtained. 

It is the preliminary steps which are the most impor- 
tant, and the very points which require accurate eluci- 
dation. In Fig. 55, the same truss is shown with the 
strains indicated by the lines, bearing the same letters 
as in Fig. 54, and the diagram is drawn in accordance 
with the method known as the " polygon of forces," first 
employed by the late Professor Rankine. While the 
results are perfectly accurate, the method fails, like the 
other, to trace the action of the strains, and can therefore 
supply no information, except to those who have already 
mastered the whole subject. The scale for the diagram 
is 2" to the ton, so that the length of the lines can be at 
once compared with the sum of those in Fig. 54, which 
answers to the corresponding strains. A comparison of 
these two diagrams will point out that they agree not 
only in the total, but in the separate strains, much more 
closely than might be imagined. For example, the total 
strain upon the tie rod A D is equal in Fig. 54 to c d + 
fe + bg=3cd. On referring to Fig. 55, it will be seen 
that these separate strains are correspondingly repre- 
sented by the three subdivisions of the line A D. Simi- 
larly for the strains upon D 0, which are equal in Fig. 54 
to D d + K /, and in Fig. 55 the subdivisions of the line 

o2 
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D C. An examination of the method of the ^* polygon 
of forces" will demonstrate that it is in every way 
superior to the " reaction method,** as may be termed 
that shown by the dotted lines outside the truss in 
Fig. 54. It is infinitely more elegant^ and marks the 

Fio. 54. 







subdivisions of the strains better. It is, like the other 
methods, always used in combination with the elevation 
of the truss, from which the direction of the different 
bars has to be obtained. Table XVII. shows the total 
and separate strains upon the various parts of the truss. 
The line A C in Fig. 55 represents the total reaction at 
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the abutment, and the " polygon of forces " can thus be 
readily applied to the actual diagram of the roof. Make 
A c, in Fig. 54, equal * 75 tons, equal the reaction at 
A ; draw c n parallel to A D to meet the rafter ; from 
the point m, in the line A c, in which c m = the weight 
supported at A = * 25 tons ; draw m G- parallel to the 
rafter to meet n G-, drawn parallel to the strut, and com- 
plete the diagram. The junction of the various lines in 
this diagram will point out the manner in which each bar 
affects the other, although the relation is not so plainly 
exhibited as by working out the strains seriatim upon 
the actual truss itself. If the method of ascertaining the 
strains be worked out by two different diagrams, it will 
obviate the necessity for checking their accuracy by 
trigonometrical calculations, although it will be more satis- 
factory to check the totals by an altogether independent 
process, than to employ two, which, although varying 
in detail, depend upon one and the same principle. 
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CHAPTER XXIL 

DOUBLE TRUSS, WITH TWO STRUTS. 

When the span of a roof exceeds the limit of abont 35 
or 40 feet, the simple design iUostrated in the last 
chapter requires to be somewhat modified. It has been 
before remarked that the introduction of struts in a 
braced truss or framework, is for the purpose of nullifying 
the transverse strain, that would otherwise be indnced 
upon the members of the truss. Referring to Fig. 56, it 
is clear that when the length of the rafter reaches a 
certain limit, one strut in the centre, as was shown in 
Fig. 54, would not be sufficient to prevent the two halves 
of the rafter, into which it divided it, from being affected 
by transverse strain. Consequently it becomes necessary 
to use a couple of struts, and divide the whole rafter into 
three parts. An excellent roof of the form shown in 
Fig. 56, may be constructed for spans not exceeding 60 
feet. When the dimensions are greater, a different and 
more complicated description of truss must be used, and 
for very large spans, the circular or segmental form is 
the best adapted. In tracing the action of the strains in 
the diagram in Fig. 56, the process will be very analogous 
to that already described in the previous chapter, making 
due allowance for the action of the two struts instead of 
a single one. The distribution of the load will vary, in 
every instance, according to the number of points at 
which the rafter is supported, that is, in proportion to the 
number of struts introduced into the system of trussing. 
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A distiaction may be here made between the struts and 
ties, in the manner in which they are affected by the 
weight at their junction with the principal rafter. In the 
case in Fig. 56, the portion of the whole load on the half 
principal situated at the apex B, induces a direct strain 
upon the part A B of the rafter and upon the strut B E. 
Similarly, the portion of the load placed at brings a 
direct compressive strain upon the parts B of the rafter, 
and, by transmission, a strain of the same amount upon 
A B, and also a direct strain upon C E. But the weight 
at D produces no direct stmin upon the tie D E ; that is, 
the strain upon D E does not start from the same point D 
as upon the rafter C D, but is transmitted to it at the point 
E, through the medium of the tie A E. It follows from 
this that no tie can ever iact as a direct support to a 
weight. While, therefore, a strut may receive its strain 
either by direct or transmitted weight, a tie can only be 
strained by the latter description of action. Suspended 
loads, of course, form an exception to this rule. If 
either struts or ties are strained by weights acting at any 
other points than their extremities, the result is a trans- 
verse strain, which they are not supposed, theoretically or 
practically, to be calculated to resist. 

Assuming the total load upon the whole principal to 
equal W, the various subdivisions of it will be arranged 
as follows : — The weights at B and will be equal, and 
double those at A and D. Upon each of the latter there 

W W 

will be Y^ , and upon each of the former — . The weight 

at A is resisted by the vertical reaction of the abutment, 
and consequently produces no strain upon the truss. The 
weight at B will strain, either directly or by transmission, 
every bar in the diagram with the exception of its fellow 
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Fig. 57. 



strut C E. If in Fig. 56 the vertical line Ba be made 

W 

equal to -^ , and the line a 6 be drawn parallel to the 

rafter, the succeeding strains may be traced throughout 
the whole truss, as in the example in the previous 
chapter. It is sometimes not easy to ascertain exactly, 
how a strain upon any one bar affects those with which 
it is connected, or, in other words, whether they are 
strained compressively, tensilely, or not at all by it. To 
take the strain along the strut B E on its arrival at the 
point E, how does it affect E, A E, E D, and E F ? 
Until it is ascertained how these bars are affected by the 
thrust along the bar B E, it is impossible to follow out 
the transmission of the original strain. The problem is 
to determine which bars are struts and which are ties, 
when the strain acts upon them 
in a given direction. In Fig. 57, 
let A and B be two bars meeting 
at an apex. If the strain act in 
the direction of the arrow E, 
they will both be struts, and if 
in that of the arrow F, thev will 
both be ties. Should the force 
be in the direction of the iarrow 
G, the bar A will be a strut, 
and B a tie, but if in the direc- 
tion of H, the bar A will be a 
tie, and B a strut. The rule 

may be laid down in words as follows : — If the force 
or strain acts in any direction within the angle formed 
by the two bars^ they are both struts; but if it acts 
in the direction of, and within, the angle formed by 
their prolongation, they are both ties. Again, if the 
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strain acts within the angle formed by the original direc- 
tion of one of the bars, and of the prolongation of the 
other, then the bar whose prolongation forms one of the 
sides of the angle is a tie, and the other a strat To 
apply this to the truss in the diagram, let the bars in 

Fig. 58 be represented 
by the same letters 
as in Fig. 56, and 
their prolongations in- 
dicated by the dotted 
lines and correspond- 
ing dotted letters. 
First, let us ascertain how the bars A E and D E are 
affected by the strain upon the strut B E. Produce 
B E to B'. The line E B' represents the direction of 
the force which lies within the angle A' E D', that is, the 
angle formed by the prolongation of the bars A E and 
D E. Both these bars are, therefore, ties. If we now 
take the bars D E and E F, the direction of the strain 
lies within the angle F E D', that is, within the angle 
formed by the direction of one of the bars, and the pro- 
longation of the other, so that DE is in tension and 
E F in compression. But as E F is not intended to act 
as a strut, it undergoes no strain from the direct weight 
at B, as Table XVIII. wiU show. 

In the diagram in Fig. 56, the result of the weight at B 
is to strain directly the bars A E and D E, and, by 
transmission, these bars again, and the horizontal tie rod 
E F. The whole result of the weight at B upon all the 
separate bars of the truss can be shown by a simple 
diagram of strains. In Fig. 59, the strains are plotted to 
double the scale used in Fig. 56, in order to render them 
clearer, and there will be no diflSculty in following their 
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action, as the letters employed in both diagrams are 
similar. In the figure, B B' is drawn parallel to the tie 
D B, and h d and d t are the two strains brought upon the 
tie A E by the weight at B. 



Fig. 59. 




By making a similar diagram, the strains resulting 
upon the different members of the truss from the weight 
at 0, can be also ascertained without the necessity of 
transferring them in succession from one bar to the other. 
But as the great point for beginners is to trace the action 
of the strains throughout each successive step, these 

Table XVIII. 



Parts of 


Weight at 


Total 
Strains. 


Remarks. 


Truss. 


A 


B 


C D 




AB .. .. 

BO .. .. 

CD .. .. 
B Ej .. «. 
G £ .. •• 

AE .. .. 

DE .. .. 
EF .. .. 
















/+0'46 
\+0-62 

+0-62 

+0-62 

+0-43 

000 

/-0-65 

t-0-33 

/-0-33 

\-0-07 

-0-27 


+0-17\ 
+l-25f 
/+0-17\ 
\+l-25/ 
+1-25 
000 
+0-43 
-0-33\ 
-0-65/ 
-0-65\ 
-0-14/ 
-0-55 


+0-53 

+0-53 

+0-53 
000 
0-00 

-0-48 

-0-10 
-0-41 


+303 

+2-57 

+2-40 
+0'43 
+0-43 

-2-44 

-1-29 
-.1-23 


; Bafter. 

1 strata. 

I Ties. 
Tie rod. 



steps are shown in Fig. 56, and the results tabulated in 
Table XVIII. It is surprising how extremely accurate 
these calculations can be made, by the aid of a good 
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diagram. Wherever it is possible, the strains should be 
checked by an independent mathematical process, bat, 
as in some instances this is not practicable, reliance 
must be placed upon the accuracy of the diagram and 
the scale. A mathematical check can generally be 
applied to some particular parts of the truss, and it 
should always be made use of when so available. 

The method of checking, by mathematical calculation, 
the accuracy of the results deduced from the diagram, 
was shown in the last example, and the same process 
applies in the present case. It may at first appear that 
the action of the two struts at E is somewhat diflFerent 
to that of only one, and that the strains upon the ties 
A E and D E, are not equal to one another. But 
although, in consequence of the difference in the angle 
made by the two ties with each separate strut, the 

Fig. 60. 




resulting strains are not individually equal, yet their 
sum is the same. Instead of dealing with the strains on 
the struts separately, as in Fig. 56, they can be treated 
as in Fig. 60. Let B C represent the rafter, and B E, 
E the struts. Make E c and E d equal to B 6 and 
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Gg, in Fig, 56, draw c a and d a, and join a E, then a E 
is the resultant of the strains upon the two struts ; and 
Hag be drawn parallel to the tie D E, until it meets 
A E, drawn parallel to the tie A E in ^, the lines a g, 
E g will give the total strains upon the inclined ties A E 
and D E due to the direct action of the weights at B 
and 0. In the more complicated examples of girder 
and roof trusses, it is far more convenient to use the 
resultant of two forces at a given point than to take the 
forces separately. Sometimes the sum of the forces, as in 
the present instance, has to be taken into consideration, 
but in others, it is the difference. It has been shown that 
the strain upon the horizontal tie rod E F, is that due to 
only so much of the strain upon A E, as it receives from 
the rafter, and that it is not influenced by those belong- 
ing to the struts. If we take E /, in Fig. 56, to repre- 
sent this amount of strain upon the tie A E, and draw 
I y parallel to D E, then E y will represent the strain 
upon E F, and / y the strain upon D E due to the action 
of the same amount of strain upon A E. In the dia- 
gram, E I will be found equal tov^ + <(? + /m; Ey 
equal to vq-^-tn^-la, and I y equal to qh -^ n o •\- 
s m. From the Table of strains, the struts are the 
members of the truss which are the least strained, but 
practically they are the weakest part of the principal. 
This is in great measure owing to the large angle be- 
tween them and the rafter. Although there would not 
be much difference in the actual theoretical strain upon 
the strut, if it were placed in the position of the resultant 
A E, in Fig. 60, yet, practically, the bars placed as in 
Fig. 56 would have to be made proportionately a great 
deal stronger. Not only should they have an increased 
sectional area, but they should be of a form suited to 
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resist strains of compression. Angle and T iron are the 
best adapted sections of iron, and round tubes are good 
forms, but they are not so easy of attachment to the other 
bars in the truss. The same remark applies to the tie 
rods. These are frequently made of round iron, which 
answers well enough in small examples of roofs, but in 
those of any pretensions to a moderate size span, it will 
be found preferable to make them of flat bar iron. In 
the latter case there will be little or no necessity for the 
welding and forging that is required when round iron is 
used. A very common, and at the same time, un- 
founded, apprehension exists with regard to the settle- 
ment of roofs, in which the principals are constructed 
upon the truss system. It is generally supposed that 
after a short time the tension rods will sag. In order to 
prevent this, the joints are made with screws or cottars, 
so that the rods may be tightened up when the sagging 
takes place, and this method of preventing anticipated 
sagging has been applied to roofs, with a span of the in- 
significant dimensions of 25 ft. On the other hand, there 
are roofs of spans of 50 ft. and more, in which the con- 
nections between the bars are simply ordinary bolts, and 
not the slightest perceptible sagging has ever taken place. 
There is no doubt that the quality of the workmanship 
has a great deal to do with the matter, but the work 
must be very bad, if such expedients have to be resorted 
to, in roofs of spans less than 80 ft. In a utilitarian point 
of view, the slight sagging of a roof, provided it be uni- 
form, is not of much consequence, any more than a slight 
settlement in the foundation of a girder bridge ; but it 
would seriously interfere with the efifect of an orna- 
mental ridge in the one case, or a handsome parapet in 
the other. 
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CHAPTEE XXIII. 

DOUBLE TRUSS, WITH THREE STRUTS. 

Before proceeding to the examples of curved roofs, one 
more example of the rectilineal trussed description will be 
given which will answer for spans of larger dimensions 
than those already alluded to. It is rather more compli- 
cated than its predecessors, but possesses the advantage 
of having the struts perpendicular to the rafter, and thus 
as short as possible. The half principal shown in-Fig. 61 
consists of a primary and two secondary trusses, each of 
which multiplies the strain, resulting from the weights, 
on the different members of the truss. We shall only 
trace the action of one weight, as that of the others is 
precisely similar, and the mode of analysis is identical 
with that already fully described. Assuming the value 
of W, the total load on the half principal, to be one ton, 
the following will be the distribution on the rafter: — 

W 

At A and E there will be a load equal to -t-- = 0'125 

o 

W 

tons, and at B, 0, and D, a load equal to — = 0-25 

tons. In the diagram, make B a equal to • 25 tons, and 
draw a b parallel to the rafter to meet the strut B F, in b. 
The strain upon A B, the lowest part of the rafter, will 
be found by scaling a 6, and B 6, on the same scale, will 
give the strain upon the strut B F. The strain resulting 
from the weight at B has now been transferred to the 



2()d 
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point F, where three bars of the trass meet^ and the 
question to be determined is, which two of them are 
affected by the strain acting in the direction of the strut 



CO 

o 




B F. If the rule for determining which are struts and 
which are ties be referred to, and applied in this case, it 
will be found that the bars A F, F 0, are strained in 
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tension and F G, in compression, by the strain along B F. 
But as F G is a tie, and not adapted for resisting com- 
pressive strains, the strain along BF must be resolved 
into its components in the direction of the bars AF, 
F C. Since the angle A F B is equal to the angle B F C, 
the components will be also equal to one another, and 
the strains upon A F and F will be equal. Make 
F m = B 6, draw m n parallel to A F, and either m n or 
F n will give the resulting strain upon the bars A F and 
F 0. The latter of these is transferred to the point C, 
where it induces compressive strains upon B and Gr, 
the former of which also strains A B. Make c equal 
to F riy equal to m n ; draw c d parallel to the rafter, 
and c d and d will give the resulting strains upon the 
rafter and strut. The strain upon the strut C Gr will 
evidently, when transferred to the point Gr, pull upon the 
bars A Gr, Gr E. By making eG = Gd, and drawing e f 
parallel to A G^, the strains upon A F, F Gr, Gr H, H E, 
are at once determined. The pull upon the bar G E is 
now transferred to the point E, where it induces a strain 
upon the part E D of the rafter, and subsequently upon 
every member of the truss except the struts. By taking 
E^ = toG/=^/, and drawing lines parallel to the 
different ties, the strains are given by the lines E A, A ^, 
h h^ and g k respectively. 

After the explanation that has already been given of 
this mode of analysis when applied to trusses of different 
form, it is unnecessary to confuse the diagram in Fig. 61, 
with the lines that would be required to demonstrate the 
action of the strain, resulting from the remaining weights 
at C, D, and E. The process is simply a repetition of 
the one shown in the figure. In dealing with the weight 
at D, the pull upon the tie H must not be forgotten, 

p 
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and its su1)sequent effect upon the stmt G Or and the 
other members of the half principaL A very good idea 
of the manner in which anyone weighty that at the point 
B, for example, affects the separate members of the truss, 
may be obtained by a reference to Fig. 62. The lines 



Fio. 62. 




and the letters, shown therein, indicate the separate suc- 
cessive strains brought upon the bars. In a similar 
manner the remaining weights may be thus treated, and 
their action upon every individual member of the truss 
ascertained. An inspection of the accompanying Table 
XIX. will show that, with the exception of the struts and 
the small secondary ties, the other bars are strained more 
than once by the same weight. 

When the proportions are assigned to the various 
parts of the truss, as it is manifestly impossible to vary 
the scantling of the same bar, it must be designed upon 
the assumption that the bar, throughout its whole length, 
is subjected to its maximum strain. Although it is highly 
necessary that the student should be acquaintiBd with the 
method of determining each separate strain, yet practi- 
cally, in cases where the truss is of limited dimensions, 
the maximum strain upon any particular bar is all that is 
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absolutely needed. Thus, so fer as the rafter A E is 
concerned, though the strains increase from E towards A, 
the scantling would nevertheless be determined upon the 
supposition that the rafter was uniformly strained through- 
out its entire length, by an amount equal to the strain 
upon A B. If a ready and simple formula could be found 
for this strain, it might therefore be calculated directly, 
without any reference to the other parts of the rafter. In 
Fig. 61, let ^ represent the angle of the pitch of the roof, 

Table XIX. 



Parts of 


Weight at 


Total 
Strains. 


Remarks. 


Truss. 
















A 


B 


C 


D 


E 










+0-109 


+0-109 
+0-929 


+0-929) 






\ 


AB .. .. 





+0-464 


+0-109} 


+0-622 


+4-09 








+0-464 


+0-464| 








B C .. 





/+0-464\ 
\+0-464/ 


+ 0-109 
+0-929 


+0-109) 
+ 0-464} 
+0-929| 
+0-109) 


+0-522 


+3-98 


) Rafter. 


CD.. .. 





+0-464 


+0-929 


+0-464 
+0-929) 


+0-522 


+3-40 




DE .. .. 





+0-464 


+0-929 


+0-464\ 
+0-929/ 


+0-522 


+3-29 


> 


A F .. .. 





-0-478 
-0-238 
-0-238 


-0-478 
-0-478 


-0-238) 

-0-238 

-0-478 


-0-478 


-3-34 




FG.. .. 





/-0-238\ 
1-0-238/ 


-0-478 
-0-478 


-0-238 

-0-238 

(-0-478 


-0-478 


-2-86 




GH.. .. 





/-0-238\ 
\-0075/ 


-0-478 
-0-157 


(-0-238 
{-0-075 
(-0-157 
r -0-478 


-0-157 


-1-56 


>Tie8. 


HE.. .. 





/-0-238\ 
\-0-075/ 


-0-478 
-0-157 


-0 075 

-0-238 

[-0-157) 


-0-157 


-205 




GJ .. .. 





0-17 


0-35 


r-0-17 \ 
i-0-35 / 


-0-35 


-.1-89 




BF .. .. 





+0-225 


000 


0-00 


0-00 


+0-225 




CG.. .. 





+0-11 


+0-225 


+0-11 


0-00 


+0-445 


Struts. 


DH.. .. 





0-00 


0-00 


+0-225 


0-00 


+0-225 




FC .. .. 





-0-48 


0-00 


000 


0-00 


-0-48 


Ties. 


G H .. 





0-00 


0-00 


-0-48 


0-00 


-0-48 J 



and ff the angle between the rafter and the inclined ties. 
Let S represent the strain upon the strut B F, and R 

p2 
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the total strain upon the end A B of the rafter. Table 
XIX. shows that there are altogether nine separate 
strains brought upon A B, so that R may be put equal 
to r + r^ + r^ + r^+ . . . . + r*. The value of r is 

\Y y^ sine 
obtained at once from the equation r = j 

But to find r,, which is equal in the diagram to the line 

c rf, we must first find that upon the strut, and the 

inclined tie F C. Putting S for the strain upon the 

W X cos d 
strut we have S = — ■ — . Let T be put equal to 

the strain upon the inclined tie F C, and the following 
proportion obtains; T : S : : sine (90®— ^) sine 2 d'y from 

, . , , m S X sine (90*» - ff) ^. ., 

which we have T = : — Vti? Since the 

sine 2 ff 

sine of an angle equals the cosine of its complement, and 

sine 2 ff equals 2 sine ff x cosine d'j the equation be- 

«/^^^« 'p S X cosine d' ^ a v^-x^x- 

comes i = s-^ — ^, . — zt = 7^—' — tj* Substituting 

2 sine 0' X cosine 0' 2 sine ff ^ 

for S its value already arrived at, we have finally T = 

y^ X COS* 

— g- I ^ . To find the value of ri, the equation is 

m • /)/ W X COS. X cot. 0' T^ , 

ri = T X cosine 0' = ^ -^. It has 

been shown that the pull on the inclined tie F 0, is 
resolved at the point C, into components — one in the 
direction of the rafter, equal to r^, and the other in that 
of the strut Gr. Make the latter equal to Si, and we 

have Sx = T X sine ^', or S^ = ^^,^' ^. This 

o 

transferred strain S upon the strut C G, produces a strain 
upon both the inclined ties A Gr, Gr E, and, as the angles 
they respectively make with the strut are equal, the 
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resulting strains are also equal. Let Ti represent the 

total strain upon A F, or the part of the tie A G, which 

is strained to a maximum. Then if t, fi, fa? &c., be the 

separate strains, Ti will be equal to their sum. Similarly, 

if Ta represent the corresponding maximum strain upon 

the tie Gr E, occurring at H E, it may be taken equal to 

p + Pi + jt?2 + , &c. Let the strain produced upon the 

inclined ties A G-, Gr E, by the thrust Si be made equal to 

t = p. Then / : S^ : : sine (90" - ff) sine 2 ff, from which 

, , ^ & X sine (90" - d') ^ . ,., ,. 
we deduce t = : — ^^-^ -. Substitutmg as 

before, we have 

Si X cosine 0' _ St _ W x oofl- 
sine 2 ^ " 2 sine ff " 16 sine ff * 

W X COS. 6 T 

But from above, T = — ^—. — ^: so that t = -. It 

8 sme ff ' 2 

may be shown that the value of ra is identical with that 

of Vi. In the diagram ra = A E, and by proportion r, : 

t : : sine (180^ — 2 ff) : sine d\ whence 

t X sine 2 ^' , „ /», W X cos. x cot. ff 

♦•a = = — Zf — = < X 2 COS. ff = Q = rj. 

sine^' 8 * 

The action of the weight at B has now been accounted 
for, and we may proceed to consider those at the other 
apices. The weight at will obviously aflFect the rafter 
and strut in the same manner as that at B; so that, 
calling the former 7*3, and the latter Sa, we obtain r^ = r, 
and Sa = S. By proportion 7*4 : ra : : T : ^ ; that is, 
r4 = 2 ra. Again, by similar reasoning with' respect to 
the weight at D, rg = r, r^^^ ra, and r^ = r4 = 2 ra. It 
only remains now to account for the strain upon the 
rafter equal to rg. This is due to the weight at the apex 
E, and may be obtained from the formula 

^ ' /n' ^>\ ' ^' V, W X sine (90° + - 0') 

ra : -77- : : cosine (6 — 6) : sme ; whence r^ = q^h — ~ ^^ 

8 o sine d 
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The value of R, the maximum strain upon the rafter, may 
now be summed up. R = r + Ti + r, +, &c. + rg. But 
from above, r = r^ = r^'^ ri = r, = r, and r4 = r^ = 2 r^ 
By addition, therefore, R = 3r + 7ri+r8. Substituting 
the algebraical value of these respective quantities, the 
equation becomes 

^ SWxmnee , 7 Wx csoatf x oot^ , Wxco«.(tf — ^) 
^= i + 8 + SriS^tf^ — '^ 

R = -^|(3 sine d) + ^ ^ + ^aneS^ r 

By construction angle 6 = 26'' and angle ^ = 13° 30', so 
that the equation becomes 

Reducing and multiplying out, we find R = 4*13 tons, 

which agrees practically with the result arrived at by the 

graphic method of analysis, as indicated in Table XIX. 

If Ri, Ra, and R3 represent the strains upon the other 

parts of the rafter respectively, their values can be 

readily found from that of R by simple subtraction. 

Thus, Ri = (R - r) Ra = R ^ (2 r + ri) R3 = R - 

(3 r + r,). 

The other members of the truss may be now considered. 

The stmins upon the struts B F and D H are equal, and 

u XI. p 1 a ^ X cosine , , 
given by the formula S = ^ — — • Moreover, 

since the pull of the inclined tie H C is equal to that of 
its neighbour F upon the strut C G-, the total strain 
upon the latter is equal to 

S + 2S^ = J (-2(^ g -J equal to g 

It only now remains to find the strains upon A F, H E, 
and Gr I, to complete the analysis of the half principal. 
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As before, put Ti equal to the strain upon A F equal to 

T + t + ti + t2 + A^ and the number of separate strains 

upon A F will be the same as that upon the end A B of 

the rafter. As in the case of the rafter, the weight at 

B causes strains upon A F which are equal to (T + t + ti). 

Similarly the weight at C causes a further amount 

= (^2 + ^3)* while that at D gives rise to others equal 

to (^4 + ^6 + 0> t^® remaining strain f^ being caused by 

the weight at E. But f = ^, fa = ^3 = T ; t^ = t^^ =: t 

and t^ = T. Summing up, therefore, the total value of 

Ti is given by the equation Ti = (4 T + 4 f + t^\ from 

which Ti = (6 T + t,) sine T = 2t. The value of t, 

W 
is obtained from the proportion t: -3- ::cos. ^:sine^, 

o 

J ^ W X cos, c^ . m 7 W cos. 6 , 

and t.j = ; — ^.. Summing up, Tj = ^ . >y , and 

8 X sine ff ^ ^' ' 8 sme ff 

the strain in tons is equal to ^ ^^^. =3*36tons, 

^ 8 X 0*2334 

which is pra<5tically the same result as that given in 

Table XIX. 

In the diagram. Fig. 61, the strain upon F G is equal 

to (Ti — T), and can therefore be obtained by simple 

subtraction. If we make Ta equal the strain upon H E, 

it will be equal to jt? +pi + jt?a +, &c. But 

SO that Ta = 6jt? + 8/?i. Substituting the values of 
p and pu the equation becomes 

Wcos.^ r, Bine(^-y) 1 
^»" sine^' l^"^2sine(d + tf')r 

The strain upon Q- H will be equal to that upon H E 
minus that due to the direct action of the weight at D, 
and will equal (Ta — 2 p). The horizontal tie rod has 



216 CONSTRUCTION. 

now to be considered. Put Q = total strain upon it 
= g + gi + q29 &c. 

To find g we have the proportion g : t : : sine 2 d' : 

sine (d + ff) \ when g = -: — .^ , ^> , but j'l = 2 5^, 
^ '^ ^ sine (^ + ff) ^ ^ 

g% = gij 9^3 = 2 5^, and ^4 = 2 g' ; so that the total sum of 

the strains 

n ft 8 < X Bine 2 g^ W x c os. ^ x sine 2 ^ 
^ ^^^^'^ Biiie(^ + ^) *" 2sine(d + ^) 

Reducing, we obtain finally 

W X COS. B X COS. & 



sme (^ + ff) 

If these formulae be worked out, the results will 
be found to agree with those given in the Table XIX. 
Curved roofs will be next considered, as they constitute 
the best form for roofe of long span. 
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CHAPTER XXIV. 



CURVED ROOF TRUSSES. 



When the span of a roof exceeds 80' or 100' it is more 
economical to abandon the rectilineal shaped truss, aiid 
adopt a form of a semicircular or segmental character. 
A distinction must here be drawn between the open and 
the solid type of construction in arched roof principals, 
as well as in horizontal girders. The plate or solid type 
is used chiefly in roofs of small spans, examples of which 
can be seen at the stations of the Metropolitan Railway. 
In the form of principal represented in Fig. 63, the upper 
flange is in compression and the lower in tension. The 
diagonal bars are sometimes in tension, and at others in 
compression, according to the distribution of the load, 
the curves selected for the upper and lower flanges, and 
their inclination to the flanges and one to another. No 
rule can be laid down with respect to the nature of the 
strain, that may be induced upon the bars of trusses 
of this and of a similar character. They must be deter- 
mined individually by the method already explained. 
Directly the direction of the forces acting upon the 
bar, or the direction of their resultant, is known, it can 
be at once ascertained by simple inspection, whether the 
resultant strain is one of tension or compression. As a 
rule, the strains upon the diagonal bars or the web in 
these trusses are very slight. This arises from the fact, 
that the greater part of the shearing strain is resisted bv 
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the arched form of the upper flange, instead of the whole 
of it passing along the bars, as occurs in the open web 
of the horizontal girder. The amount of the strain 
upon any two corresponding bars of the upper and lower 
flanges is not equal, although the inequality diminishes 
towards the centre of the truss. It may be mentioned 
that the strains upon the different members of a truss 
of the form shown in Fig. 63, cannot practically be 
ascertained by calculation. A diagram must be em- 
ployed, although calculation affords a means of checking 
approximately the strains upon the flanges. If the lower 
flange were horizontal, the truss would be a simple bow- 
string girder, in which case the strains upon the two 
flanges would be equal. But the raising of the various 
members of the lower flange, and the continual alteration 
of the angle of their inclination, destroys the resemblance. 
In the example selected the span of the truss is 120', 
and the depth between the upper and lower flanges at 
the centre 11' 6". The whole principal is supposed to 
be loaded with a uniformly distributed load of 20 tons, 
which, for all prax^tical purposes, may be considered to be 
directly supported at the several apices of the upper 
flange, formed by the junction of the diagonal bars with 
the flange. It will, therefore, be distributed as follows, 
over one-half of the truss : — At the apices B, C, D and E, 
the weight will be 2*22 tons, and half of this, or I'll 
tons, at A . This last weight, being perpendicular to the 
reaction of the abutment, will produce no strain upon 
any portion of the truss. The total reaction at the 
abutment at A will be equal to 4x2'22 = 8'88 tons. 
In the diagram, there are two methods shown of deter- 
mining the strains, the one proceeding by successive 
steps, and the other giving the total strains at one ope- 
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ration. They may be both usefully employed as checks 
upon each other s accuracy. We will commence with 
the one on the left-hand side of the diagram. At the 
point A, there are manifestly three forces making equi- 
librium, viz. the vertical reaction, and the strains upon 
the bars A B and A F respectively. Since the directions 
of all these forces are known, and the value of one of 
them as well, the values of the other two can be readily 
ascertained. From the point A draw A a, vertical, 
and equal to 8*88 tons. Draw ab parallel to the tie 
AF, to meet AB, produced to b. Then A 6 and a 6, 
measured on the same scale, will give the strains upon 
the end bars of the upper and lower flange respectively. 
Having found the amount of the strains, it remains to 
determine their character. The reaction at the abut- 
ment gives rise to a force acting in the direction of A a. 
If we imagine the bar AF prolonged through A, it is 
evident that the direction of the force A a will be in the 
angle formed by the original bar A B, and the prolonga- 
tion of the other bar A F. Consequently the force A a 
will compress the former bar and stretch the latter. At 
the point B there are four forces to be taken into con- 
sideration — the strains upon AB, BC, BF, and the 
weight at the apex B. Of these four, the direction and 
amount of two are already known, so that the remainder 
can be easily determined. Produce B6 to c, making 
Be equal to A 6, equal to the strain already found for 
the bar A B. From the point c draw c d vertically, and 
equal to the weight at the apex 6 = 2*2 tons ; join B c?, 
which is the resultant of the two known forces at B. If 
B C be produced to e to meet d e^ drawn parallel to B F, 
then B e and d e are the strains upon the bars B C and 
BF. Their character, whether tensile or compressive^ 
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can be found in the same manner as before. By exa- 
mining the direction of the resultant Brf, with respect 
to the bars B and B F, it will be seen that the former 
is in compression and the latter in tension. At the 
apex C there are five forces to be accounted for, viz. the 
weight at the apex, and the strains upon the bars B C, 
C D, F 0, C G. But to find that on F C we must refer 
to the point F. It should be stated here that until we 
arrive at the diagonal bar HE, the strains upon the 
preceding bars FC and CD are too small to be made 
visible on the scale we are obliged to use. But this 
will not affect the explanation. To resume the analysis, 
at the- point F, there are four forces acting, the strains 
upon A F and B F, both of which are known, and those 
upon F0> FG, which are required to be known. Firsts 
prolong AF to g^, making Fq equal to a 6, the strain 
previously determined for the bar A F, and from q draw 
q r parallel to B F, making q r equal U> dcy the amount 
of the strain upon B F. Join F r, which in reality is the 
resultant of these two forces, but as the strain upon F C 
is so small, it practically coincides with the prolongation 
of the bar F G, and so becomes equal to the strain upon 
it. A reference to the diagram in Fig. 64, which is not 

drawn to scale, will explain 
FiG.e4. ^x^^ this fully. If the diagram 

of strains be drawn to a large 
^r' scale, the strains upon the 

bars FC and GB will be 
^^ ^ rendered manifest, as is that 

upon the bar H E in Fig. 63. In the diagram in Fig. 64 
the bars are lettered to correspond with their repre- 
sentatives in Fig. 63, with the exception that r r^ repre- 
sents the stmin upon F C, and F r^ that upon F G. By 
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repeating the operation at the apex 0, which has been 
performed at B, the lines cf^ fg^ g A, may be obtained, 
which gives the strains npon the portions of the truss 
meeting at that point, and so on for the other apices. 
At the apex E the strain upon the bar H E is sufficiently 
large to be appreciable, and the first step in the resolu- 
tion of the forces at that point, consists in finding the 
resultant between that strain and the strain upon D E. 
The strain upon the latter is represented by the line 
E m, that upon the former by m n, and the resultant 
by E n. 

Although the strains on the different members of 
the truss cannot be obtained by calculation, yet those 
upon the central parts of the upper and lower flange 
can be ascertained in that manner. In the half truss, 
the load, which is assumed to be uniformly distributed 
over it, is the force to be resisted, and the whole system 
is maintained in equilibrium, partly by the vertical 
reaction of the abutment, and partly by the strains de- 
veloped in the flanges of the truss at its centre. From 
what had been stated, the load may be considered to 
act at its centre of gravity, with a leverage equal to the 
difference between the length of the semi-span, and the 
distance of its centre of gravity from the centre. The 
leverage of the resistance of either flange, will be equal 
to the depth of truss at the centre, or, accurately, 
equal to the distance between the centres of gravity of 
the upper and lower flanges at that point. Put W = 
the total load on the principal, L the span, x the distance 
of the centre of gravity fi'om the centre, D the depth of 
the truss, and S the strain upon either flange. By the 

question we have -^x(^— a?^ = SxD, from which 
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W (L — 2 x) 
we obtain S = — ^ — ^r — - • The equation for the strain 

4xD ^ 

upon the flanges of a horizontal girder, under the same 

conditions of loading as the truss in Fig. 63, is S = 

W X L 

— T^ • In the case of a horizontal girder, the centre of 

8 X D o 7 

gravity of the half load may be assumed to be half-way 
between the centre and the abutment. This assumption 
is not strictly correct unless the girder be of uniform 
section, which it never is, except in very small examples, 
but it is sufficiently so for all practical purposes. This 

is tantamount to assuming x equal to j • If this value 

for X be inserted in the equation for the truss, its identity 
with that for the horizontal girder will be at once ap- 
parent. As a check upon the successive method adopted 
on one side of the diagram, it will be useful to employ 
another, which depends upon the principle of the polygon 
of forces, which has been explained in a previous chapter. 

Table XX. 





TopFUmge. 


Bottom Flange. 


Web. 




1 Ban. 

i 


Strains. 


Ban. Stnins. 


Bari. 


Strains. 




AB 25-63 


AF ! 20-5 


BF 


-2-9 




BC ; 24-40 


FG 21-5 


FC 


+0-1 




CD 23-8 


GH ! 22-5 


CG 


-2-7 




DE 


24-0 


HJ , 23-5 


CD 


+0-1 : 




£E 


24-1 


1 


DH 
HE 


-2-7 
+0-8 














EJ 


-1-8 

t 



If the length of the lines on the left hand of the 
diagram in Fig. 63 be compared with those of the cor- 
responding lines on the right hand, they will be found 
to agree with a sufficient degree of accuracy. The check 
is demonstrated by completing the polygon as shown in 
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the diagram on the right of Fig. 63. If the lines do 
not " close," there is an error either in the data or in 
the working out of the process. 

The strains given in the annexed table are those due 
to a load uniformly distributed, but it is also necessary 
to find those resulting from a load, placed in such a 
manner, that some of the apices are loaded and not the 
others. The simplest method of accomplishing this, is 
to consider the effect of each subdivision of the load 
separately, and tabulate the results, as has already been 
done in the case of a horizontal girder. It will then be 
seen, that the diagonal bars in the web of the truss, are 
subjected to strains of both description, and that con- 
sequently, if we suppose the force of the wind to be 
acting only on one side of the roof, those bars which 
under a uniform load might be wholly in tension, would 
be placed altogether in compression, and vice versd. In 
testing a roof principal, it is not an uncommon occurrence 
for the engineer to require that it should be loaded only 
on one side, in order to ascertain its capabilities of resist- 
ing a load ununiformly distributed. Some writers lay 
great stress upon providing a large margin of strength 
for wind pressure, but there is more theoretical than 
practical knowledge displayed in such statements. The 
wind is far more likely to blow a roof off its supports by 
getting underneath it, than to blow it down by either a 
vertical pressure, or one normal to its surface. The pre- 
caution of securing roofs which have but little or no 
shelter, by stout wind-ties, should never be omitted. 
The arrangement of the bars of the web of circular or 
curved roof trusses may be varied similarly to that in 
horizontal girders. Both vertical and diagonal bars are 
sometimes introduced. Examples of this description of 
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roof truss on a large scale are erected over the Charing 
Cross and Cannon Street Railway Stations, and in 
numerous other similar positions. They form no ex- 
ception to the rule, that when a greater number of 
diagonal l)ars are used than are necessary, the result 
is a corresponding waste of material. 
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